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Abstract
Films of carbon nanotubes, known as buckypaper, have been fabricated, characterised, 
and used as nucleants for protein crystallisation, cell growth substrates, and actuators. 
The advantages of the films are their easy preparation, and the controllability of surface 
area, pore size distribution (inter-tube space), surface wetting ability, surface roughness 
and mechanical properties.
The difficulty of crystallising proteins is a major bottleneck in the determination o f their 
structure and function. Quantitative experiments have shown the effectiveness o f 
buckypaper in inducing crystallisation as a function o f location in the phase diagram of 
protein lysozyme. Cells are known to respond to nanoscale features and control over 
cell growth and behaviour is required for applications such growing parts o f tissues. We 
have employed assemblies o f carbon nanotubes as thin films for substrates for cell 
growth, with surface features that can be controlled on the nanoscale. We have studied 
both isotropic and anisotropic surfaces. Chinese Hamster Ovarian and liver cells (Huh 
7) have both been grown on the substrate. Interestingly, the results show that the surface 
morphology, especially anisotropy, o f the scaffold strongly affects cell morphology. 
This may lead to improvements in our fundamental understanding o f how such 
alignment is produced which is of great importance in cellular and tissue engineering. 
Our studies o f the actuating response of buckypaper aimed to quantitatively understand 
the role surface area and pore size distribution of the films affect the electro-chemistry 
and electro-mechanics. The films act like artificial muscles after exposure to the vapour 
of NH 3  and Br2 . In addition, the film with higher mechanical strength shows more 
response (bending) than the film with lower mechanical strength.
Carbon nanotubes have many exceptional properties, e.g., strength, and electrical 
conductivity. They are also biocompatible. As we show here films o f carbon nanotubes 
can easily be made, and their physical and chemical properties can be designed and 
controlled. Future work could use its porous structure for applications from biology to 
gas sensors, e.g., cell scaffold, filtration, reinforcement, sensing, catalysis etc.
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Chapter 1 
Introduction
Carbon has been investigated for a long time due to its unique properties and its 
allotropes. Graphite, the well known allotrope of carbon, has a layer-like structure with 
many graphene sheets weakly held together by van der Waals forces (see Fig. 1.1(D)). 
Carbon atoms of each layer are covalently bonded together to form hexagonal rings. In 
1985, Smalley’s group discovered another form of carbon containing 60 carbon atoms, 
called buckyball, or Cgo (see Fig. 1.1(A)). The name is from its truncated-icosahedron 
structure, resembling a football.^^^ A few years later (1991) lijima and his co-workers 
discovered multi-walled carbon nanotubes (MWNTs) synthesised via arc-discharge 
e v a p o ra tio n .In  1993, lijima and Bethune independently reported their discovery of 
single-walled carbon nanotubes (SWNTs) in Nature (see Fig. l.l(B)).^^’"^  ^ Since their 
discovery SWNTs and MWNTs have been tried for many applications due to their low 
density, very high aspect ratio, and thermal, mechanical and electrical properties.
(A) (B)
(C) (D)
Figure 1.1 Examples of carbon allotropes (A) 0-dimensional Buckminsterfullerene 
(C60), (B) 1-dimensional carbon nanotube, (C) 2-dimensional graphene sheet, (D) 3- 
dimensional graphite.
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SWNTs can be visualised as a single sheet of graphene rolled seamlessly to form a 
cylinder and capped by two hemispherical fullerenes with diameter of 0 .7 - 1 . 4  nm,^^’"^  ^
and length up to a cen tim etre.M W N T s consist of multiple concentrically rolled layers 
o f graphene. Each layer is separated by 0.35 nm, similar to the distance between 
graphene layers in graphite.^^^ MWNTs can have diameters from 2 to 100 nm and 
lengths of tens of microns.
Carbon nanotubes are the strongest fibres known. The Young’s modulus of SWNTs is 
around ITPa,^^  ^which is 5 times greater than steel (200 GPa), while the density is only
1.2-1.4 g/cm Yu et measured the tensile strength o f individual MWNT and 
the highest measured strength was 63 GPa. Because of the high aspect ratio and high 
surface area per unit mass, the nanotubes are ideal for composite matrices. Dalton et 
showed that the composite fibres consisting o f 60 wt% SWNTs, produced by 
coagulation-based carbon-nanotube spinning method, have a tensile strength of 1.8 GPa, 
which matches that of the spider silk. As well as their extraordinary mechanical 
properties, SWNTs have unique electrical properties. They can be either metallic or 
semiconductors, depending on the way that a graphene sheet is rolled up and its 
diameter.^^'^ The unique electrical properties o f SWNTs originate from the sp^- 
hybridized network of the graphene structure. For insulating and semiconducting 
nanotubes, the band gap is the energy difference between the top of the valence band 
(base on band structure in band theory) and the bottom of the conduction band. Semi­
conducting SWNTs have band gaps, which are inversely proportioned to the tube 
diameter. The band gap varies from approximately 0.18 to 1.8 From this point of
view, Lee et characterised well aligned nanotubes in polymer matrix and used the 
composite as field emission displays in a fiat screen television.
Carbon nanotubes also have excellent thermal properties. The thermal conductivities are 
dominated by phonons. Berber et calculated the phonon thermal conductivity of
isolated nanotubes. The result shows that at room temperature, the thermal conductivity 
is around 6600 W-K"^-m”  ^ (Watt per Kelvin per metre), which is twice as high as 
diamond. The conductivity is over 3000 W-K” -^m”  ^ for individual multiwalled 
nanotubes.^'^^ Moreover, Hone et have shown that the thermal conductivity for
bulk samples of SWNTs at room temperature can be increased by aligning the 
nanotubes, to over 200 W-K'^ -m '^ Another interesting property of carbon nanotubes is
their surface area. Cinke et reported that the surface area of HiPco-SWNTs is over 
1500 m^/g.
Several successful efforts have shown that carbon nanotubes are ideal materials for 
future innovative materials, which are lighter, stronger, have higher conductivities, and 
are more durable.^^^ To realise the full potential of carbon nanotubes, we have dispersed 
SWNTs and MWNTs with a solvent and different dispersants, depending on the 
application. The dispersion was filtered through the membrane and became a carbon 
nanotube film, called buckypaper, which is a disordered mat of entangled carbon 
nanotubes.^^^^ Buckypaper has the advantage that we can control its pore size 
distribution and surface area, and the tubes can be chemically functionalised. Thus, a 
porous film of carbon nanotube (buckypaper) will have applications where robust 
materials with controllable pores are required: filtration, electromechanical actuators, 
hydrogen storage,^^®  ^cell scaffolds,^^^^ catalyst supports,^^^^ etc.
Research Objectives
Chapter 4: Carbon-nanotube-based material for protein crystallisation
The study aims to evaluate the effectiveness of the buckypaper for protein 
crystallisation, mainly the protein lysozyme. The buckypaper can be an effective 
nucleant for protein crystallisation due to the controllability o f its physical and chemical 
properties. Its potential advantage is its simple preparation and use. Its pore size (space 
between the tubes) is easily controlled by sonication time. Nanotube dispersants are also 
selectable, which can be chosen from the one best suited to each protein. We used 
dispersants, such as Triton-X 100, gelatin, peptide nano-1, and chloroform.
Chapter 5: Assemblies of carbon nanotubes for morphological variation of cells
The aim of the study is to compare the cell morphology adhering to stubstrates having 
different surface features: aligned, crossed, and entangled. The cells used in the 
experiments are Chinese hamster ovary (CHO) cells and Liver cells (Huh 7). Our 
experiment using carbon nanotubes as a thin film shows that its surface feature strongly 
affects cell morphology: aligned films may shed significant light on the cell alignment 
problem, which is of great importance in cellular and tissue engineering. In many 
tissues, e.g., the liver, the cells are aligned.
Chapter 6: Responsive sensors based on carbon-nanotube assemblies
The study is the actuating behaviour of buckypapers, having different surface areas. 
Carbon nanotube sheets act as smart sensors when exposed to chemicals, by actuating 
like muscles. The work provides a further understanding o f the role o f the surface area 
and inter-tube spacing (pore size) of the buckyaper on its actuating response. Bromine, 
ammonia, and hexane were selected for the study as they are an electron acceptor, 
donor, and neither effect, respectively. The processes involve changes in both electronic 
structure of individual tubes and dimension of a buckypaper. Raman spectroscopy is the 
main technique to observe the electron exchanges between the nanotube and the 
chemicals. In addition, the study also includes the electrical resistance o f the 
buckypaper under atmospheres of nitrogen dioxide and ammonia.
References
1. Kroto, H.W., Heath, J.R., OBrien, S.C., Curl, R.F., and Smalley, R.E. (1985) C60 
Buckyminsterflillerence. Nature, 318, 162-163.
2. lijima, S. (1991) Helical microtubules of graphitic carbon. Nature, 354, 56-58.
3. Bethune, D.S., Kiang, C.H., Devries, M.S., Gorman, G., Savoy, R., and Vazquez, J. (1993) 
Cobalticatalyzed growth of carbon nanotubes with single atomic layer walls. Nature, 363, 605- 
607.
4. lijima, S. and Ichihashi, T. (1993) Single-shell carbon nanotubes of 1-nm diameter. Nature, 
363,603-605.
5. Baughman, R.H., Zakhidov, A.A., and de Heer, W.A. (2002) Carbon nanotubes-the route 
toward applications. Science, 297, 787-792.
6 . Zhu, H.W., Xu, C.L., Wu, D.H., Wei, B.Q., Vajtai, R., and Ajayan, P.M. (2002) Direct 
Synthesis Long Single-wall Carbon Nanotube strands. Science, 296, 884-886.
7. Wong, E.W., Sheehan, P.E., and Lieber, C.M. (1997) Nanobeam mechanics: elasticity, 
strength, and toughness of nanorods and nanotubes. Science, 277, 1971-1975.
8 . Thostenson, E.T. and Chou, T. (2003) On the elastic properties of carbon nanotube-based 
composites; modeling and characterization. J. o f Physics D: Applied Physics, 36, 573-582.
9. Yu, M., Lourie, O., Dyer, M.J., Kelly, T.F., and Ruoff, R.S. (2000) Strength and breaking 
mechanism of multiwalled carbon nanotubes under tensile load. Science, 287, 637-640.
10. Dalton, A.B., Collins, S., Munoz, E., Razal, J.M., Ebron, V.H., Ferraris, J.P., Coleman, J. 
N., Kim, B.G., and Baughman, R.H. (2003) Super-tough carbon-nanotube fibres. Nature, 423, 
703.
11. Saito, R., Fujita, M., Dresselhaus, G., and Dresselhaus, M.S. (1992) Electronic structure of 
chiral graphene tubules, Appl. Phys. Lett., 60, 2204-2206.
12. Elliott, J.A., Sandler, J.K.W., Windle, A.H., Young, R.J., and Shaffer, M.S.P. (2004) 
Collapse of single-wall carbon nanotubes is diameter dependent. Phys. Rev. Lett., 92(9), 1-4.
13. Lee, N.S., Chung, D.S., Han, I.T., Kang, J.H., Choi, Y.S., Kim, H.Y., Park, S.H., Jin, Y.W., 
Yi, W.K., Yun, M.J., Jung, J.E., Lee, C.J., You, J.H., Jo, S.H., Lee, C.G., and Kim, J.M. (2001) 
Application of carbon nanotubes to field emission displays. Diamond Relat. Materials, 10, 265- 
270.
14. Berber, S., Kwon, Y., and Tomanek, D. (2000) Unusually high thermal conductivity of 
carbon nanotubes. Phys. Rev. Lett., 84(20), 4613-4616.
15. Kim, P., Shi, L., Majumdar, A., and McEuen, P.L. (2001) Thermal transport measurements 
of individual multiwalled nanotubes. Phys. Rev. Lett., 87, 215502, 1-4.
16. Hone, J., Llaguno, M.C., Nemes, N.M., Johnson, A.T., Fischer, J.E., Walters, D.A., 
Casavant, M.J., Schmidt, J., and Smalley, R.E. (2000) Electrical and thermal transport 
properties of magnetically aligned single wall carbon nanotube films. Appl. Phys. Lett., 77, 6 6 6 -  
668 .
17. Cinke, M., Li, J., Chen, B., Cassell, A., Delzeit, L., Han J., and Meyyappan, M. (2000) Pore 
structure of raw and purified HiPco single-walled carbon nanotubes. Chem. Phys. Lett, 365, 
69-74.
18. Rinzler, A.G., Liu, J., Dai, H., Nikolaev, P., Huffman, C.B., Rodr'iguez-Mac'ias, F.J., Boul, 
P.J., Lu, A.H., Heymann, D., Colbert, D.T., Lee, R.S., Fischer, I.E., Rao, A.M., Eklund, P.C., 
and Smalley, R.E. (1998) Large-scale purification of single-wall carbon nanotubes: process, 
product, and characterization. Appl Phys. A, 67, 29-37.
19. Baughman, R.H., Cui, C., Zakhidov, A.A., Iqbal, Z., Barisci, J.N., and G.M. Spinks, 
Wallace, G.G., Mazzoldi, A., De Rossi, D., Rinzler, A.G., Jaschinski, O., Roth, S., and Kertesz, 
M. (1999) Carbon nanotube actuator. Science 284, 1340-1344.
20. Li, X., Zhu, H., Ci, L., Xu, C., Mao, Z., and Wei, B. (2001) Hydrogen uptake by graphitized 
multi-walled carbon nanotubes under moderate pressure and at room temperature. Carbon, 39, 
2077-2088.
21. Zanello, L.P., Zhao, B., Hu, H., and Haddon, R.C. (2006) Bone Cell Proliferation on Carbon 
Nanotubes. Nano Lett, 6 , 562-567.
22. Zhang, A.M., Dong, J.L., Xu, Q.H., Rhee, H.K., and Li, X.L. (2004) Palladium cluster filled 
in inner of carbon nanotubes and their catalytic properties in liquid phase benzene 
hydrogenation. Catal Today, 93-95, 347-352.
Chapter 2 
Literature Review
This chapter is a brief literature review of the materials and theories behind the 
experiments. The reviews include earbon nanotubes and their properties, protein 
crystallisation, cell adhesion on scaffold and nanotubes, and the actuating behaviour of 
carbon nanotubes.
2.1. Structure and electrical properties of carbon nanotubes
There are three types of carbon nanotubes: single-walled carbon nanotubes (SWNTs), 
double-walled earbon nanotubes (DWNTs), and multi-walled carbon nanotubes 
(MWNTs).^^’^ ’^  ^ The easy way to visualise a carbon nanotube is that a SWNT comes 
from rolling a single graphene sheet into a seamless cylinder as shown in Fig. 2.1(A), 
and then each end is closed by a hemi-fullerene eap as s h o w n . D W N T  and MWNT 
have the same procedures as SWNT, but consisting of more graphene layers. DWNT 
and MWNT consist of double and multiple concentrically rolled layers of graphene 
sheets, respectively, like Russian-dolls, as shown in Fig. 2 .1(B).
(A) Graphene sheet
Roll-up
SWNT (B)
Figure 2.1 (A) A simple schematic of SWNT formation. It comes from rolling a single 
2-dimentional graphene sheet into a seamless 1-dimensional eylinder. (B) High- 
resolution transmission electron micrographs o f double-walled carbon nanotube and 
multi-walled carbon nanotube taking by Ijima in 1991.^^^
SWNTs have only one shell and the diameter is around 1 nm, but MWNTs have many 
shells with bigger diameter, so their properties are more complex because each layer has
a slightly different g e o m e t r y S W N T s  and MWNTs have shown some differences in 
their physical properties due to their different structures, such as tensile strength, 
Young’s modulus, and electrical c o n d u c t i v i t y T o  simplify the fundamental 
understanding of carbon nanotubes and their properties, the discussions below are 
mainly on SWNTs. The properties o f a SWNT depend on how the graphene sheet wraps 
and also on its diameter. They can be either semiconducting or m e t a l l i c . I n  1992, 
Saito et Mintmire et and Hamada et independently reported their 
prediction of the electronic properties of carbon nanotubes via electronic band-structure 
theoretical calculations. In 1998, the theoretical assumptions were verified by the 
experimental results from a scanning tunnelling microscope (STM). Wildoer et 
and Odom et used the tip of STM as a spectroscopic probe for recording the 
tunnelling current between tip and the nanotube. The results from both groups showed 
that the obtained STM spectra from various carbon nanotubes exhibited two types of 
electronic properties: metallic and semiconducting.
The conducting properties of a SWNT depend on the chirality and the diameter o f the 
nanotubes. The chirality is determined by the wrapping and it is represented by a pair of 
indices {n,m). The vector telling the direction of wrapping is called the chiral vector 
(C^). It describes determining the relationship between the wrapping direction and 
hexagonal carbon lattice as shown in Fig. 2.2(A).^^®’^ ^^  ‘T’ is the edge o f graphene sheet 
that will be rolled to contact with ‘A ’. The pair o f integers, n and m, are the number of 
unit vectors {ai and a j  along two directions in the hexagonal structure o f graphene. 
The chiral vector (Q ) is defined by
Ch = nai + ma2, 
where, ai and U2 are the lattice unit vectors.
If n=m, the nanotubes are called ‘armchair’ (Fig. 2.2(B)). If  m=0, the nanotubes are 
called ‘zigzag’ (Fig. 2.2(C)). Otherwise, they are called ‘chiral’ (Fig 2.2(D)). Another 
way to indicate the type of carbon nanotube is the value of the chiral angle {0) defined 
as the angle between the vector Ch and the zigzag axis as shovm in Fig. 2.2(A). It can be 
written as a function of index numbers n and m as below.
_ 2n-\-m
cos 6 = — . — -----
2V«^ +171^  +nm
\ i  6 = 0°, the nanotubes are called zigzag. If  ^  = 30°, the nanotubes are called armchair. 
And, if  0°< ^ < 30°, the nanotube are called chiral.
(A) (n,n) armchair
(n, m) = (5 ,5 ) Armchair
(n, m) = (9, 0) Zigzag
(n, m) = (10 ,5) Chiral
Figure 2.2 (A) 2D graphene sheet shows the chiral vector {Ch = nai+mai) indicating a 
direction of the rolling graphene sheet. The chiral vector (Q ) is defined on the 
honeycomb lattice by unit vectors and and the chiral angle ( 0 ) i s  defined with 
respect to the zigzag axis. T is the edge of graphene sheet that will be rolled to 
seamlessly contact with A. (B)-(D) show three types of SWNTs. (B) armchair, (C) 
zigzag, and (D) chiral.
The unique electrical properties of SWNTs are due to the network of sp^-hybridized 
electrons of a graphene sheet. The explanation is based on the band s t r u c t u r e . F o r  
insulators and semiconductors, the band gap is the energy difference between the top of 
the valence band (states filled by electrons) and the bottom of the conduction band 
(empty states available for electrons to jump into). Also, the eleetrieal properties of 
nanotubes depend the diameter of the tube.^^’^ ^^  The bigger the diameter of the nanotube, 
the smaller the energy gap because the more the nanotube diameter increases, the more 
states are allowed, and then the energy gap is reduced as shown in Fig. For {n,
m) single-walled carbon nanotubes, all armchair nanotubes, where n = m, are 
metallic.^^^^ If -  w is a multiple of 3, the nanotube is also metallic. For example, 
zigzag nanotubes (n, 0 ) and chiral nanotubes (n, m) are metallic if (n-m)/?> is an integer; 
otherwise, they are semiconducting n a n o t u b e s . W h e n  SWNTs are formed 
randomly, one third of them will form metallic nanotubes and the rest are 
semiconducting nanotubes.*-" ’^
1.2
1.0
0.8
ui
0.6
0.4
0.70.6 0.8 0.9 1.0
Tube Diameter (nm)
Figure 2.3 The relationship between the energy gap (Eg) and the tube diameter, for 
semiconducting single walled carbon nanotubes. Data of Odom et The solid line 
is a tight-binding calculation. The results show the tube diameter is inversely 
proportional to the tube diameter.
The density o f electronic states (DOS) is the density of possible states for an electron to 
occupy as a function of energy. Fig. 2.4 shows the DOS of metallic and semiconducting 
carbon nanotube. For metallic nanotubes, the DOS at the Fermi energy (Ep) is not equal 
to zero, but it is zero for a semiconducting SWNT.^ "^^  ^ The DOS plots of both kinds of 
nanotubes are symmetric with very high density mirrored spikes in both conduction and 
valence bands, called van Hove singularities (VHS), due to the ID nature of the 
SWNTs. In Fig. 2.4, the (8,0) is a zigzag tube and a large-gap semiconductor. The (7,1) 
chiral tube shows a tiny gap because of curvature effects but will display a high 
conductivity at room temperature. The (5,5) armchair nanotube is metallic.
There are many applications employing the electrical properties of carbon nanotubes, 
such as field emission electron sorces,^^^  ^ field emission displays,^^^’^ ^^  and 
t r a n s i s t o r s . B l e n d i n g  carbon nanotubes into a polymer matrix potentially 
increases its modulus, strength, and f l exi bi l i t y . However ,  this does not affect their 
electrical properties. Lee at reported the use of carbon nanotubes in polymer films 
for field emission displays in flat screen TVs or computers. Carbon nanotubes offer a 
low tum-on electric field, high emission current density, and high stability. Carbon 
nanotubes are also under investigation for storage devices, such as fuel cell and battery 
applications.
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Figure 2.4 Electronic densities of states for three different nanotubes, showing the 
singularities characteristic of ID systems. (A) The (5, 5) armchair nanotube is metallic 
for symmetry reasons. (B) The (8, 0) zigzag tube is a large-gap semiconductor. (C) The 
(7, 1) chiral tube displays a tiny gap due to curvature effects, but will be metallic.^ "^^^
2.2 Mechanical properties of carbon nanotubes
The mechanical properties of carbon nanotubes involve their structure (diameter, length, 
chirality, and the number o f defects per unit length) and are closely related to the nature 
of the bonds between the carbon a t o m s . F o r  a large diameter tube, the 
graphene sheet that rolls up to form the tube does not distort much, so the tube’s 
Young’s modulus is related to bond strength (o-bonds) which are close to that of a 
graphene sheet. Both experimental and theoretical studies have shown that carbon 
nanotubes have remarkably high strength and m o d u l u s . I n  table 2.1, SWNTs 
having the same high modulus as diamond (1,050-1,200 GPa) have five times the 
modulus of s t e e l . B e c a u s e  of a very high modulus along their axial direction, their 
elasticity, and light weight, carbon nanotubes can play an important role in composite 
materials.^^^^
Material Young’s modulus 
(GPa)
Tensile strength 
(GPa)
Density
(g/cm^)
SWNT 1054 150 1.3-1.4
MWNT 1200 150 2.6
Steel 208 0.4 7.8
Epoxy 3.5 0.005 1.25
Wood 16 0.006 0.6
Table 2.1 Young’s modulus and tensile strength compare to density of materials.
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In Table 2.2, the moduli of MWNTs are dependent on their length, diameter, and 
structural complexity. For a similar length (no.8 and no. 10), the smaller the outer 
diameter, the higher the modulus. The smallest inner diameter (no. 11) has the highest 
Young's modulus of 3.70 TPa. The results spread because of the structural complexity 
o f the MWNTs. However, the average value of Young’s modulus of these 11 samples is 
1 . 8  TPa.P’’ ’^'
MWNT
no.
Length
(pm)
Outer diameter 
(nm)
Inner diameter 
(nm)
Young’s modulus 
(TPa)
1 1.17 5.6 2.3 1.06
2 3.11 7.3 2.0 0.91
3 5.81 24.8 6.6 0.59
4 2.65 11.9 2.0 1.06
5 1.73 7.0 2.3 2J8
6 1.53 6.6 2.3 3.11
7 2.04 7.0 3.0 1.91
8 1.43 6.6 3.3 4.15
9 0.66 7.0 3.3 0.42
10 1.32 9.9 3.0 0.40
11 5.10 8.4 1.0 3.70
Table 2.2 Young’s modulus of individual nanotubes (MWNTs) with different diameters 
and lengths.^^^^
Carbon nanotubes have shown that they can be dispersed in a polymer matrix. 
Examples are poly(methyl methacrylate) (PMMA),^^^^ epoxy c o m p o s i t e , a n d  
polystyrene.^^^^ The goal o f blending carbon nanotubes with polymers is to improve the 
Young’s modulus, strength, and toughness of the composite materials. Dalton et alP^^ 
reported that mixing SWNTs, surfactants, and polyvinyl alcohol (PVA) potentially 
increases the toughness, so that it is tougher than any natural or synthetic organic fibre 
described before. The resulting composite fibres, containing 60% SWNTs with a 
diameter o f 50 pm, have a tensile strength o f 1.8 GPa, which is similar to that o f spider 
silk. In 2004, Coleman et emphasised the role o f carbon nanotube in composite 
materials for improving strength and toughness (Fig. 2.5). The PVA forms a crystalline 
coating around the nanotube, which maximizes the interfacial stress transfer. The stress 
and modulus of the composite tend to increase when the amount o f MWNTs is 
increased. The modulus of the resulting fibre with 0.6% MWNTs is dramatically higher 
than that o f pure PVA.
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Figure 2.5 Stress and strain curves for different amounts of MWNTs in PVA-based 
composites. The different symbols represent the percent by weight of MWNTs in the
composites. [21]
Carbon nanotubes have great potential for many other applications. The surface area as 
well as the pore size distribution of the carbon nanotubes may have an influence on their 
macroscopic applications, i.e., electromechanical actuators and cell scaffold, 
which is related to our interests. The reviews on these will be presented in the later 
articles.
2.3 Synthesis of carbon nanotubes
Many synthetic methods have been developed to make nanotubes in large quantities and 
with high quality. However, most of them are based on a few common methods: arc 
discharge, chemical vapour deposition (CVD), laser ablation, and high pressure carbon 
monoxide (HiPco). The processes normally take place in vacuum or with inert gases at 
high temperature, and make different kinds of carbon nanotubes by adding metal 
catalysts and changing the t e mpe ra t u r e . Howe ve r ,  the exact mechanism of the 
formation of carbon nanotubes remains unclear.
The arc discharge method, initially used to make fullerene,^^^^ was first introduced by 
lijima in 1991,^^  ^ and can be used on a large s c a l e . C V D  involves the deposition of a 
solid material from a gaseous phase. The main advantage is that carbon nanotubes can 
be synthesised in a big quantity on an industrial s c a l e . A t  high temperature, carbon 
atoms decomposed from hydrocarbon gas form a solid phase and are deposited on to the 
metal-catalyst particles, which, also, control the tubes’ diameters, and the growth. 
Laser ablation employs a laser pulse instead of an arc discharge to generate carbon 
vapour. Growing SWNTs by this method was first demonstrated in 1995 by Smalley’s
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g r o u p T h e  process here is that the laser pulses enter a tube heated to 1200 °C and 
strike a target sample of graphite and a metal catalyst. SWNTs condense from the laser 
vaporization plume and are deposited on a collector outside the furnace zone. High 
pressure carbon monoxide (HiPco) uses a continuous flow of carbon monoxide gas and 
clusters of iron, from Fe(C0)5^ through a heated chamber. At high temperature, Fe(C0)5 
produces iron clusters in the gas phase. Iron clusters act as nuclei on which SWNTs 
nucleate and grow. SWNTs are produced by CO disproportionation (Boudouard 
reaction) and their diameters are around 0.7-1.4
2.4 Functionalisation and debundling of carbon nanotubes
Carbon nanotubes naturally stay as a bundle as a result of strong van der Waals 
interaction between the tubes after synthesis. They are relatively insoluble in either 
water or some organic so lv en t s . Fo rmi n g  bundles hinders use in various applications, 
which require an individual tube, especially in optical, mechanical and electrical 
applications. Functionalisation of carbon nanotubes, especially SWNTs, aims to modify 
the surface of the tubes to achieve nanotube exfoliation or achieve dispersions of 
individual tubes. Both covalent attachment and non-covalent wrapping have been 
reported, see Fig. 2.6.^ "^ ^^  Therefore, there is much research into functionalising carbon 
nanotubes for all fields of applications.
(B) K
SWNT
Figure 2.6 Schematic representations of functionalised carbon nanotubes funetionalised 
using different methods. (A) A direct chemical functionalised carbon nanotube. (B) A 
covalent functionalised carbon nanotube using defect functionalisation. (C) A surfactant 
adsorbed on carbon nanotube. (D) A polymer wrapped carbon nanotube.
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2.4.1 Covalent functionalisation
Achieving eovalent functionalisation of carbon nanotubes involves either directly 
attaching functional groups to the graphitic surface, called direct chemical 
functionalisation, or by attaching to the sidewall defects or the open tube ends, called 
the defect chemistry method, which normally links with carboxylic acids during 
synthesis or post treatment with acid during purification.
2.4.1.1 Defect functionalisation
Defects in SWNTs play important roles in covalent-interaetion dependent applications 
due to their ability for further functionalisation and covalently bonding to further groups 
as shown in Fig. 2.7.^ "^ ’^ In 1998, Liu et observed defect sites on the surface 
of their carbon nanotubes. These carbon nanotubes were purified in nitric acid and 
oxidized in a mixture of sulphuric and nitric acid. They found that open-ended 
nanotubes, containing terminal carboxylic acid groups, allow covalent linkage of 
oligomers or polymers to the nanotubes. Mawhinney et noted that existence of 
carboxy groups on the sidewall of carbon nanotubes results in broken bonds in the 
carbon-hexagonal network. In 2001, Hamon^^^  ^ reported their estimated ratio of the 
number of carbon atoms in the SWNT backbone to the number of carbon atoms in their 
end-groups. These end groups were at defect sites of the octadecylamido (ODA) 
functionalised soluble SWNTs. By using IR-spectroseopy, they found that the weight 
percentage of the ODA functional group in the functionalised SWNTs is about 50%.
(D)
(B)
Figure 2.7 Typical defects on SWNT: (A) five- or seven-membered rings in the carbon 
framework (e.g., non-hexagonal) leads to a bend in the tube, (B) sp^-hybridized defects 
(R=H and OH), (C) carbon framework damaged by oxidative conditions, leaving a hole 
lined with -COOH groups, and (D) open end of the SWNT, terminated with -COOH 
groups. Besides carboxy termini, other terminal groups such as -NO2 , OH, H, and = 0  
are possible.
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2.4.1.2 Direct covalent functionalisation
Direct covalent functionalisation refers to the covalent bonding of chemical groups, 
normally organic groups, on the graphitic surface and changes in hybridization from 
sp2  [51,52] ygizingcr et reported the use of three types of reactive species, nitrenes, 
carbenes, and radicals, for the direct sidewall functionalisation. Dang et 
successfully modified the MWNT surface with trifluorophenyl (TFP), producing TFP- 
MWNT. The bonding of TFP on MWNTs was studied by X-ray photoeleetron spectra 
(XPS), FTIR-speetroseopy, Raman spectroscopy and XRD. Interestingly, the TFP- 
MWNTs were well dispersed by polar solvents, such as tetrahydrofuran (THF), acetic 
acid (Ac), N,N-dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), due to the 
trifluorophenyl groups covalently bonded on MWNT surface.
I-.: ÏFP-M W N T
a; MWNT
1000 1500 2000
Raman shift (cm * )
Figure 2.8 Raman spectra of (A) the raw MWNT and (B) after functionalisation with 
trifluorophenyl (TFP-MWNT).^^^^
The Raman spectra in Fig. 2.8 show the presence of fluorophenyl on TFP-MWNTs. In 
Fig. 2.8(A), the spectrum of raw MWNT has three bands at 1355, and 1585, and 1618 
em"\ which are called the D band, G band, and D’ band, r e s p e c t i v e l y . A  disorder 
induced band (D band) is attributed to lattice distortions, impurities, or the presence of 
structural defects, e.g., chemical groups other than sp^ c a r b o n . H o w e v e r ,  after 
functionalisation with trifluorophenyl (TFP-MWNT), only two peaks are observed and 
there is a blue shift in both peaks as shown in Fig. 2.8(B), which may be ascribed to the 
presence of fluorophenyl. The disappearance of D’ and the increase in the G/D ratio 
(intensity ratio of G and D bands) refer to less impurities or amorphous carbon after 
acid treatment. Furthermore, the covalent linkage of fluorine disrupts electron 
délocalisation in the raw MWNTs. This was observed by XPS. Therefore, covalent
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bonding o f organic groups to the carbon nanotube surface may disrupt the electrical and 
mechanical properties o f the pristine nanotubes
2.4.2 Noncovalent functionalisation
Covalent functionalisation of the CNTs damages the sidewalls, which may affect the 
mechanical and electronic properties. CNTs can be functionalised without the covalent 
bonding, which is called noncovalent functionalisation. The technique is based on 
physical adsorption or wrapping on the carbon nanotube surfaces to enhance their 
solubility, which involves soft matter such as surfactants, oligomers, biomolecules and 
p o l y m e r s . T h e  dispersion procedures often involve sonication, centrifugation, or 
filtration. Their interactions are mainly van der Waals interactions, hydrogen bonding, 
electrostatic interactions, and 7i-stacking i n t e r a c t i o n s . T h e  potential advantage of 
noncovalent functionalisation is that it does not reduee the orbital interaction on the 
CNT surface, so the perfect graphitic structures o f CNTs are retained.
2.4.2.1 Dispersion with the aid of surfactants
Dispersion of carbon nanotubes in water is achieved with the aid of surfactant. 
Surfactants are amphiphilic, eonsisting of two parts: heads and tails, which are 
hydrophilic and hydrophobic moieties, respectively. The tube stabilisation in suspension 
relies on the surfaetant molecules adsorpbed on the tube surface by forming hemi- 
micelles parallel to the cylindrical axis.^ ^®^  The initial method consists of mixing CNTs 
with an aqueous surfactant solution, and then sonieating the suspension. Sonication 
provides enough energy to break the van der Waals attractions^^^^ between the nanotube 
bundles while surfactant molecules physically adsorb on to the nanotube surfaces.
In composite materials, the poor solubilisation of earbon nanotubes in water has limited 
their practical a p p l i c a t i o n s . T o  overcome the problem, surfactants and some 
polymers have been used for dispersing a high concentration of individual SWNTs in an 
aqueous solution. Examples are cetyltrimethylammonium bromide (CTAB), sodium 
dodecylsulfate (SDS), sodium dodecylbenzene sulfonate (NaDDBS), Triton X-100, etc. 
[60, 62-65] reported a simple process to solubilise high weight fraction
SWNTs in water by the physical adsorption o f common surfactants: NaDDBs, SDS, and 
Triton X-100, see Fig 2.9. The AFM studies showed that the NaDDBS improves SWNT
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suspension and yields high fraction of individual tubes at a high concentration (10 
mg/ml) compared to Triton X-100 (0.5 mg/ml) and SDS (O.lmg/ml). The authors 
claimed that the aromatic benzene rings improve a linkage and surface coverage of 
surfactant molecules on the tubes. Moreover, the NaDDBS disperses better than TXlOO 
due to its smaller head group, slightly longer alkyl chain, and SO^' charged groups. The 
interactions between benzene rings and carbon nanotubes also agree with Nakashima et 
who studied SWNTs dispersed in water by a pyrene carrying ammonium ion.
(A) NaDDBS (B) SDS (G) Triton X-100
C i2 H 2 5 -Q -S °3 ‘ Na* CH3(CH2),iO S0 3 W  0(C H 2C H 20)N -H -^  CgHi;
N=approx. 9.5
SOT SOT
SOT V SOT SOT r  SOT
. . . .S03:^>__:a% C __(g>.S03- SO4:— SOT
Figure 2.9 Schematic representation of how surfactants may adsorb on to the nanotube 
surface. The surfactants are (A) sodium dodecylbenzene sulfonate (NaDDBS), (B) 
sodium dodecyl Sulphate (SDS), and (C) Triton X-100.^^^^
O’Connell et reported that individual SWNT dispersions could be successfully 
made by using SDS together with ultrasonication and ultracentrifugation. The group 
also reported a molecular simulation study on a SDS-stabilized individual SWNT 
micelle-like structure. They found that the hydrophobic tails o f the SDS molecules may 
lie on the tube surface. The simulation shows that an individual nanotube is surrounded 
by a layer o f SDS, meaning that the nanotube is not direetly contaet with water. 
Moreover, the stability of the suspension depends on an equilibrium proeess, dependent 
on the surfactant concentration, beeause the nanotubes aggregate when the surfactant 
concentration is below the critical micelle concentration (CMC).^^^  ^ There are many 
important factors affecting the CMC, e.g., ionie strength and pH of the solvent.
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2.4.2.2 Dispersion with the aid of macromolecules, bio-molecules, solvents, and 
acids
Instead of using a surfaetant, different approaches have been employed to debundle and 
solubilise carbon nanotubes. This section gives the examples of the dispersion earbon 
nanotubes with the aid of maeromolecules, biomoleeules, solvents, and acids
2.4.2.2.1 Wrapping with maeromolecules and bio-molecules
Progress in the physical modification of CNTs with polymers and bio-molecules has 
shown that it is possible to achieve homogeneous dispersion while presenting their 
perfect mechanical and electronic structure. Various kinds o f polymers have been used 
for different applications, e.g., poly(m-phenylene-eo-2,5-dioetoxy-p- 
phenylenevinylene(PmPV), poly{(2,6-pyridinylenevinylene)-co-[(2,5-dioetyloxy- 
/>-phenylene)vinylene]} (PPyPV),^^^^ poly(p-phenylenevinylene-co-2, 5-dioetyloxy- 
^phenylenevinylene)(PmPV-co-DOetOPV),^^^^ polyvinyl pyrrolidone(PVP),^^^^ 
polystyrene sulfonate (PSS),^^^  ^ and poly(aryleneethynylene)s (PPE).^^^  ^ However, 
because of the hydrophobic nature of earbon nanotubes, achieving of homogeneous 
dispersion may also need a small amount of surfaetant and a long sonication time. In 
2001, O’Connell et used an SDS-stabilised SWNT dispersion as stock material for 
the non-eovalent interaction between SWNTs and various ionic and non-ionie linear 
polymers. The most successful ones are PVP and PSS, which are water soluble 
polymers. The interaction between the polymer and the SWNT is very strong and is 
uniform along the sides of the tubes. They also reported two possible wrapping 
behaviours on SWNTs: double helix and triple helix (as shown in Fig. 2.10).
A
Figure 2.10 Some possible wrapping arrangements of PVP on an (8, 8) SWNT. A 
double helix (top) and a triple helix (bottom).
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A problem for using carbon nanotubes in biological applications is the difficulty to 
solubilise in aqueous solutions. One of the most commonly used strategies to render 
CNTs soluble in aqueous media is surface modification. Various biomoleeular polymers 
have been use for coating carbon nanotubes to make them b i o c o mp a t i b l e .T h e  most 
exciting area is functionalisation of CNTs with RNA or DNA,^^^’ which will lead 
to next generation o f carbon nanotube applications, such as gene therapy and drug 
d e l i v e r y . I n  2003, Zheng et reported a wrapping of single-strand DNA
(ssDNA) on carbon nanotubes, which lead to effective dispersion in aqueous solution. 
The report shows that a particular ssDNA sequence, d(GT)„, « = 10 to 45, helically self- 
assembles around individual CNTs in such a way that the electrostatic properties o f the 
DNA-CNT hybrid depended on the tube type, enabling CNT separation by anion- 
exchange chromatography. Other biomolecules, such as peptides, starch, and 
a m y l a s e , h a v e  also been used to fimctionalise SWNTs.
Dieckmann et presented a dispersion of SWNTs using a synthesized 29-residue 
peptide (denoted nano-1), which is able to solubilise SWNTs. Interestingly, the peptide- 
wrapped nanotubes also assemble into molecular fibers. The assembly can be controlled 
by the factors that affect peptide-peptide interactions, such as adding NaCl. In addition, 
Zorbas et demonstrated that isolated individual peptide-wrapped SWNTs are able 
to assemble into longer structures due to peptide-peptide interactions. Fig. 2.11(A) 
shows the formation of Y junctions with the assistanee of peptide-peptide interactions. 
Dalton et affirmed that SWNTs can be coated with a designed amphiphilic 
peptide and self-assemble. They studied the effect o f sonication time on the a-helix 
formation of peptide-coated SWNTs. Circular dichroism (CD) was used for detecting 
the a-helix formation of peptides when interacting with SWNTs, as show in Fig. 
2.11(B). The negative peak around 200 nm indicates random secondary structures o f the 
peptides. The CD spectra rapidly change as a function o f time, with the formation o f 
new negative peaks at 208 and 222 nm and a positive peak around 195 nm. The peaks 
are most prominent for the 240 sec sonication time. The formation o f a helical structure 
is indicated by the peptide.
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Figure 2.11 (A) TEM image of peptide-coated SWNTs exhibiting a Y-junction 
apparently ereated through peptide-peptide interactions (B) Circular dichroism (CD) 
spectrum of a peptide/SWNT dispersion as a function of sonication timeJ^^^
2.4.2.2.2 JT-Stacking functionalisation
Unlike those long linear polymers, some short polymers cannot wrap around the 
SWNTs. Chen et reported a non-wrapping approaeh based on non-eovalent
functionalisation with short and rigid conjugated polymers, poly(aryleneethynylene)s 
(PPE). The interaction between the PPE backbone and the nanotube surface is most 
likely a %-stacking interaction. Zhao et have theoretically calculated the n-n
interaction between aromatic organic molecules, including benzene (CôHô), 
cyclohexane (CgH^), and 2,3-diehloro-5,6-dicyano-l,4-benzoquinone (DDQ: 
CgNiOiCn), and SWNTs. The results showed that the coupling of 7c-electrons between 
graphitic structure and aromatic molecules leads to an efficient way to control the 
electronic properties of earbon nanotubes, i.e., the n-7i interactions between the DDQ 
and the nanotube change a semiconducting tube to a conductor. The tc-tt interactions 
between aniline, phenol, anisole, toluene, chlorobenzene and nitrobenzene and SWNTs 
are confirmed by Star et who used field-effeet transistor (FET) devices with
semiconducting SWNTs as the conducting channels.
Aromatic compounds are known to interact strongly with graphitic sidewalls of earbon 
nanotubes via tt- tt stacking. These interactions may help the solubilisation of 
SWNTs in aromatic solvents.^^^^
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2.4.2.2.3 Dispersion with the aid of solvents
Dispersions of carbon nanotubes in surfactants and water may have problem with 
removing this surfactant for further applications. This is necessary as certain surfactants, 
such as Triton-X 100, can lead to cell lysis and cause tissue inflammatory responses 
even at low concen tra tions.H ow ever, carbon nanotubes have shown a substantial 
solubility in some organic solvents, such as chloroform, dichloromethane, aromatic 
solvents (benzene, toluene, chlorobenzene, 1,2 dichlorobenzene), carbon disulfide, 
dimethylformamide, V-Methylpyrrolidinone, etc.^^ ’^^ ^^  In 1998, SWNTs were 
solubilised by functionalising the end-caps with long aliphatic amines.^^^^ Similarly, 
Hamon et suggested that amide-functionalised tubes may improve solubility in 
organic solvents. The solvent molecules can replace the spaces between the tubes during 
sonication. The group emphasised that the length of alkyl chain also affected the 
solubility. Functionalised with aniline (CeHyN, short alkyl chain) instead o f a long alkyl 
chain (4-tetradecylaniline, CH3 (CH2 )i3 C6 H4NH2 ), the fuetionalised tubes were almost 
completely insoluble in dichloromethane (CH2 CI2 ) and had little solubility in 
tetrahydrofuran (TMF, (CH2 )4 Û).
Furthermore, Mickelson et and Boul et reported that SWNTs are able to be 
solubilised by functionalising their sidewalls with fluorine and with alkanes, 
respectively. However, these methods are covalent interactions, which disrupt the 
intrinsic electrical and mechanical p r o p e r t i e s . T o  avoid these problems, it has 
been reported that SWNTs can be dispersed in alkyl amide solvents, particularly #,V - 
dimethylformamide(DMF), V-ethylpyrrolidone (NMP), V,V-dimethylacetamide(DMA), 
V,7V-dimethylpropanamide (DMP), and #,#diethylacetamide (DEA).^^^’
2.4.2.2.4 Dispersion with the aid of acids
Dissolution of SWNTs with strong acids, such as chlorosulfonic acid, can remove 
electrons on the tube’s surface, leading to increasing solubility o f the tubes by positive 
charges on the tubes’ s u r f a c e . R a m e s h  et reported the dispersion o f SWNTs 
in various acids that offers different solubilities. At room temperature, the solubility o f 
SWNTs in chlorosulfonic acid is significantly higher than in 100% sulfuric acid, oleum, 
and triflie acid. The colours of solutions, ranging from golden yellow to pale brown, 
correspond to high and low solubility, respectively.
22
Davis et reported that SWNTs can be individually dispersed at high concentration 
in superacids due to the protonation of the tubes’ sidewalls, which overcomes van der 
Waals attractions as shown in Fig. 2.12. At low concentration, SWNTs in superacids are 
as individual tubes and also behave like Brownian rods. At high concentration, SWNTs 
in superacids form as uncooked spaghetti-like self assembly with an isotropic phase. At 
even higher concentration, the spaghetti strands self-assemble into a nematic phase 
(molecules have no positional order, but they have long-range orientational order 
The significant distinction between polymer and nanotubes is that in the biphasic region 
the anisotropic phase of nanotubes consists of extremely long self-assembled strands. 
However, in the presence of small amounts of water (deprotonate the system), the liquid 
crystal phase becomes needle-shaped strands ( 2 0  pm long) of highly aligned 
SWNTs.[^^]
DILUTE SEMI- ISOTROPIC BIPHASIC LIQUID 
DILUTE CONC. CRYST.
/
VOLUME FRACTION, (j)
Figure 2.12 Phase behaviour of solutions of Brownian rigid rods. Davis et used 
this model to represent that the SWNTs can behave like Brownian rods and be 
individually dispersed at high concentration in super acids.
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2.5 Buckypaper
Buckypaper is a general name for assemblies of carbon-nanotube into a film (see Fig. 
2.13).^^ "^ ’ The name came out of Smalley’s group, as reported by Rinzler et al.P^^ 
during the investigation of large-scale purification of single-wall carbon nanotubes. 
Generally, buckypaper is a mesh of carbon nanotubes that forms a freestanding mat.^ ^^ ^^  
The buckypaper is formed on a membrane by filtering a suspension through this 
membrane. It is then peeled from the membrane. Their size, thickness, density, surface 
area, and porosity (the space between tubes, see Fig. 2.13(B)) can be tailored during 
manufac tu r ing . Sever a l  parameters may affect either the physical and chemical 
properties or the morphology of buckypaper the type of carbon nanotube, concentration 
of dispersion, dispersants, time and power o f sonication, type of solvent, temperature, 
vacuum pump pressure, etc.^^ '^
free  slandinij 
buckypaper
(A) (B)
Figure 2.13 (A) Free standing SW NT buckypaper. (B) SEM  image of SW N T 
buckypaper.
To achieve good mechanical and electrical properties of either a buckypaper or a 
carbon-nanotube-polymer composite film, a homogeneous dispersion of individual 
tubes is required. Vigolo et emphasised that the amount of surfactant (SD S) 
affects the mechanical properties of the carbon nanotube-PVA composite, and this is 
also true for buckypaper. From Fig. 2.14(A), at low SDS concentration (v), the amount 
of SDS is too low to coat the nanotubes, so the suspension contains large aggregates as 
shown in Fig. 2.14(B). At intermediate concentrations of SDS (•) , homogeneous 
suspensions are found as shown in Fig. 2.14(C). The SDS effectively coats the carbon- 
nanotube surface and the electrostatic repulsion from adsorbed surfactants stabilises the 
nanotubes in s u s p e n s i o n . H o w e v e r ,  at SDS concentrations that are still higher 
(A), the clusters of carbon nanotube mixed with SDS are observed and they become
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larger and denser with increasing surfactant concentration, as shown in Fig. 2.14 (D); 
such behaviour presumably refers to micelles of SDS.*^ *^’ These results imply that too 
much or too low a concentration of dispersants, e.g., surfactants, definitely affects the 
homogeneity o f dispersion, which consequently affects the physical and electrical 
properties of the composite fibres and the buckypaper. In addition, the amount o f carbon 
nanotubes dispersed in the solvents is also important for dispersion homogeneity, see 
Bahr et al.
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Figure 2.14 (A) Phase diagram of the SDS/SWNT in water system. At low 
concentrations of SDS (v ) , large dense clusters of the initial material were still found 
after sonication, see in (B), which is taken in area B in Fig. 2.14(A). At intermediate 
concentrations of SDS (•), homogeneous dispersions are obtained. This part of the 
diagram has a maximum concentration of about 0.35wt% of SWNTs and 1.0wt% of 
SDS, as shown in (C). At SDS concentrations above intermediate concentrations (A), 
clusters of carbon nanotube are observed, and become larger and denser with increasing 
surfactant concentration, as observed with optical microscopy in (D).^ ^^ ^
Recent progress has shown many possible ways of buckypaper fabrication, producing 
buckypaper alignment or thickness. Examples are aligned b u c k y p a p e r , ^ r a n d o m  
buckypapers,^^"^  ^ transparent buckyaper,^^®^  ^ or buckydiscs.^^^^ Random buckypaper is 
formed by the most common procedure. Here carbon nanotubes are randomly 
arranged on the membrane during the filtration process. In contrast, aligned 
buckypapers require specific processes, such as high magnetic fields,* '^
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electrophoretic p r o c e s s e s , d i r e c t l y  spinning an aqueous suspension, printing, 
pulling out from grown forests, etc. Aligned buckypapers offer high strength
and flexibility (in axial direction) for composite processing, and can be used like 
conventional fiber mats, reinforcing along a specific orientation. However, 
interestingly, it has been reported that random networks o f nanotubes generally offer 
lower resistivity than those made of perfectly aligned tubes. Kocabas et al. 
experimentally and theoretically studied the effect of aligned-nanotube thin films on 
electrical resistance. When nanotubes are strongly aligned, the film resistivity becomes 
highly dependent on the measurement direction, which agrees with the theoretical study 
by Behnam et al.
Producing transparent buckypaper is a challenge in the design of novel materials for 
transparent electronics and other applications. Abraham et al. reported a gas detector 
based on a carbon nanotube composite thin film. The detector works by measuring the 
changing resistance of the composite film on exposure to the gases: dichloromethane, 
acetone, and chloroform. They observed that a carbon-nanotube-PMMA film with 
surface modifications yielded a fast response and a high resistivity change. Furthermore, 
various other possible applications o f buckypaper have been reported, e.g., 
reinforcement,^^actuators,^^"^^ gas sensors,^^^^  ^ cell scaffolds,^^^" ’^ etc. Coleman et 
al.^ ^^ ^^  reported the intercalation o f various polymers (PVA, PVP, and PS) on SWNT 
buckypaper by a soaking process. The results show that the Young’s modulus, strength, 
and toughness increased by factors o f 3, 9, and 28, respectively, indicating that the 
intercalated polymer enhances the mechanical properties due to load transfer between
I ■
nanotubes. Lobo et al.^ ^^^^  demonstrated the growth of the Fibroblast L929 mouse cells 
on aligned multi-walled carbon nanotube films. The films were deposited on silicon 
(with a nickel catalyst) and titanium (with an iron catalyst) surface. The results also 
show that the excess iron contamination on titanium substrate may affect the cell 
viability and adhesion on the nanotubes. Further applications are shown in sections 2.7 
and 2 .8 .
In this thesis I will use buckypaper for three applications: protein crystallisation, cell- 
growth substrate, and responsive sensors.
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2.6 Protein crystallisation
Crystallisation o f proteins was first studied over a century ago. Sumner, Northrop, and 
Stanley were awarded the Nobel Prized for Chemistry in 1946 because o f their work on 
classification and purification of proteins via crystallisation. The study of structural 
biology began in 1934 when Bernal and Crowfoot produced the first X-ray diffraction 
pattern of a protein.^^^^  ^ Lysozyme is the most common protein used for protein 
crystallisation studies due to its easy crystallisation and its being well studied. 
Lysozyme is from hen-egg white.^^^®’ Its three-dimensional structure was
first determined via X-ray diffraction in the 1960s.^^^^  ^Understanding the structure of a 
protein leads to clues about its function, i.e., knowing how proteins perform their 
functions leads to progress in drug design because proteins are drug t a r g e t s . T h e  X- 
ray method has been the most effective way to obtain biological-structure data, e.g., 
proteins, nucleic acids, etc., but the method requires good quality crystals.^^^^'
Even though many protein structures have been solved, this number is still low 
compared to the total number o f available proteins.^^^^  ^ It has been asserted that many 
proteins are still difficult to crystallise and obtain good quality crystals.^^^^  ^ We hope 
that better control of nucléation will lead to obtaining large protein crystals, under 
conditions where standard techniques may offer many small or poorly ordered 
crystals.^^^^^
2.6.1 Phase diagram
Crystallisation is a first-order phase transition proceeding via nucléation, and then 
growth. Protein crystals develop from an aqueous solution o f protein when the 
solution is s u p e r s a t u r a t e d . ' - ^ T h e  supersaturation can be accomplished by adjusting 
the solution parameters, e.g., varying the concentration of précipitants or the protein, or 
the temperature, or A diagram showing protein solubility as a function of
these parameters is called a phase diagram. It is the fundamental and most important 
tools for understanding protein c r y s t a l l i s a t i o n . ^ ^ S e e  Fig. 2.15 for a 
schematic example.
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On the diagram, crystallisation conditions can be shown in terms of protein 
concentration versus adjustable parameters, such as pH, temperature, pressure, additive 
concentration, and precipitant concentration.^^
Searching for the best conditions for crystallisation is normally done by screening a 
protein solution with many crystallising agents.^ 127,134] investigated the
effect of precipitant ( NaCl and (NH4 )2 S0 4  ), temperature, and additive on the 
crystallisation of lysozyme and chymotrypsinogen A. The results show that NaCl is 
more effective at inducing lysozyme crystallisation and (NH4 )2 S0 4  is better to induce 
chymotrypsinogen-A crystallisation. Lysozyme crystallisation is found to be highly 
sensitive to temperature whereas chymotrypsinogen A is independent of temperature. 
Moreover, they found that adding non-electrolytic additives, such as dimethy sulfoxide 
and glycol, affects a protein’s solubility.
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Figure 2.15 A phase diagram illustrating the conditions of protein crystallisation.
Saridakis and Chayen^^^^  ^ described a systematic approach for improving protein 
crystals by screening around known conditions. This is based on the phase diagram and 
growing the crystals in what is called the metastable zone. Much larger crystals are 
observed compared with conventional crystallisation at similar conditions. Fig. 2.15 is a 
schematic of a normal crystallisation phase diagram. The solubility line divides the 
diagram into two areas: the undersaturation area (left o f curve) and the supersaturation 
area (right of curve). The undersaturation area is where the solution is the equilibrium 
phase and so crystallisation will never happen. The supersaturation area is where a
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solution contains more of the dissolved protein than eould be dissolved by the solvent. 
There are three zones in the supersaturated area: precipitation zone, nueleation zone, 
and metastable zone. The preeipitation zone is where supersaturation is large and so 
protein typieally aggregates into solid-like but not erystalline aggregates. This inhibits 
erystallisation.^^^^^ The nueleation zone is where the solution is supersaturated and 
nueleation of the crystal phase occurs in hours or days. The metastable zone is a lower 
supersaturation area where the solution is supersaturated but where no nueleation 
o c c u r s . T h i s  region contains the best conditions for growth of large well-ordered 
crystals, which may grow using nucleants^^^^^ or seeding (by adding small preformed 
erystals).^^^^  ^ Ideally, when nuclei form in a higher supersaturation, the protein 
concentration in the solution tends to decrease due to growing crystals and the system 
spontaneously moves to a lower supersaturation (metastable zone), in which no more 
nueleation oecurs.^^^ '^
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Figure 2.16 A phase diagram shows the conditions of protein solution with different 
temperature. The line of the red squares is the liquid-liquid coexistence line. They show 
Tcioud (or Tc) at certain protein concentrations, referring to a critical temperature. There 
are three zones. Zone I is the area that is good for protein crystallisation. Zone II is a 
metastable liquid-liquid immiseibility region. Zone III is the gelation zone (see detail in 
text).""':
Furthermore, another way to crystallise protein is to investigate crystallisation below the 
critical temperature (Tc), shown in Fig. 2.16. Crystallisation below the critical 
temperature of liquid-liquid phase separation (Tc) is different from above the critical 
temperature. Under the critical temperature, there is a region called liquid-liquid phase
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separation within which two liquid phases coexist (Zone II in Fig.
Nueleation in this region follows two steps. Firstly, high protein concentrations drops 
are formed, and then, inside a drop, crystalline nuclei grow.^ "^^ "^  ^ Fig. 2.16 shows the 
liquid-liquid phase separation curve. There are three zones on the figure. Zone I is the 
area that is good for protein crystallisation. However, crystallisation in the shaded area 
close to the gelation curve may be affected by gel-like clusters. Zone II is a metastable 
liquid-liquid immiseibility region. Zone III is the gelation zone.
Haas and Drenth described the phase diagram (Fig. 2.17) of a protein solution using 
a simple model with parameters for the interaction between the protein molecules in the 
solution (g , ) and in the crystal ( ). The phase diagram shows that phase separation
can be either stable or metastable, depending on the value of the g, / g^ ratio 
( /  = g/ /gg): for small values of /  there is a metastable liquid-liquid immiseibility 
region. For large /  the phase diagram has a stable liquid-liquid immiseibility region and 
a triple point Tt, where two liquid phases with composition , and ^  and a solid phase
^  coexist.
T
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Figure 2.17 (A) Phase diagram with a metastable liquid-liquid immiseibility region 
between concentrations ^^and^^. The spinodal concentrations are^* and^I .  The 
solubility is ^ . This type of phase diagram occurs for values o f the 
ratio f  = gi / g^ smaller than the critical value (/*). For lysozyme, with M =14000,/* =
0.534. Tc, Ti, and T2  are the critical temperature, temperature above and below To, 
respectively. (B) The triple point temperature is Tt. This type of phase diagram occurs 
for values of the ratio /larger than/*'.^'^^^
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2.6.2 Homogeneous nucléation
Protein crystals develop from an aqueous solution of protein when it is supersaturated. 
Crystallisation consists of two processes: nucléation and then g r o w t h . Nucléation is 
an activated process which begins a first-order phase transformation. 
Homogeneous nucléation occurs in the bulk of the solution when the supersaturation is 
high enough. The new phase must have energy enough to overcome a barrier, called the 
nucléation barrier.
Surface
contribution
AG*, nuideation barrier
R*, critical size»
Volume " 
contributionLU
Size of cluster (R)
Figure 2.18 The free energy related to the size of nucleus, according to classical 
nucléation theory. The free energy of the nucleus is composed of a surface contribution 
and a volume contribution.
The basics of nucléation are simply explained by classical nucléation t h e o r y . D u r i n g  
nucléation, as the new phase is more thermodynamically stable than the phase the 
nucleus is forming into, so the free energy per unit volume (AGv) is negative; however, 
in contrast, the free energy of the interface (AG^) between two phases is positive and 
increases the free energy by an amount proportional to the surface area of the phase.
The free energy (AG), Fig. 2.18, is the sum of a (negative) volume term and a (positive) 
surface term. The surface contribution is expressed as below:
= .4,/ ( 1 )
Where A is surface area of the cluster and y is the surface free energy per unit area.
The volume term is given by the difference in chemical potentials of the n molecules in 
solution (fia) and in the solid phase
AG  ^ = = -nA/u (2)
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The chemical potentials of the molecules in the solution (//«) and in the solid at 
equilibrium are related to their effective concentrations: c and Qg respectively.
ju ^^kT X n c  m d  jLip=kT\nc^q (3)
Where k  is Boltzmann’s constant and T is a temperature and Ceq is the equilibrium 
concentration. From Eq. (2) and (3);
AG ^= -nkT \n{cfc^q) (4)
From Eq. (2) and (4) and for nucléation from a dilute solution or suspension, we can 
define the term of supersaturation (S) by:^^^ ’^
2  =  ==ln(c/c^qji (5 )
Where c is the concentration o f the solution.
The free energy (AG) is the sum of a volume term and a surface term. For spherical 
nuclei, we can express the free energy as a function of the radius.
From Eq. (1) and (2) AG = -nAjj, + A y  (6 )
And «(A//) = —(A//) (7)
V
V  is the volume of the nuclei and v is the molar volume.
Then, substituting Eq. (7) in (6 ), we obtain
AG = -A G „.,|;r f? '+ 4 ;z«V  (8)
Where AG„„c is the bulk free energy difference per unit volume between the new and 
old phases (driving free energy for solidification), which can be defined as:
^G „^c=—  (9)
V
And, A// is the difference in chemical potential of the material in the solution and the 
solid phase, see Eq. (2).
To obtain the value o f the critical radius i?*, we need to differentiate Eq. (8 ) with 
respect to R and set it equal to zero as it must be at the top of the barrier. Thus, the 
expression for the critical nucleus is obtained:
" • ’ K J  ^
The value of the nucléation barrier (AG*) is given by substituting i? * into Eq. (8 ).
AG*= (11)
3|AG„„|
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Gurcia-Ruiz*^ "^^ ^^  expressed the variation of nucléation barriers and critical sizes as a 
function of supersaturation (see Fig. 2.19). R* and AG* are inversely proportional to 
supersaturation and supersaturation squared, respectively. At very high supersaturation, 
the nucléation barrier disappears and gel phases form, which matches the phase diagram 
explained by Chayen^^^^  ^ (Fig. 2.18). From the graph, any nuclei larger than the critical 
size (i?*) lower the free energy while they grow.^ "^^ ’^^ ^^  ^ In the absence of impurities or 
surfaces, a liquid can be cooled down until reaching some temperature at which the size 
of critical nucleus likely forms out of the random fluctuation of the molecules in the 
liquid.^ "^^ ^^  The critical nucleus (AG*) is the fluctuation that lies at the barrier between 
dissolving and growing regions of the new p h a s e . D u r i n g  fluctuation, an array of 
molecules comes together and forms a cluster with dimensions equal to, or greater than 
the critical size (7^*), then homogeneous nucléation occurs. It is a probabilistic 
phenomenon.^^^^’
AG,
Size of cluster
Figure 2.19 Variation of nucléation barriers and critical nucleus sizes as a function of 
supersaturation. R, * is the critical radius of the cluster responding to the supersaturation. 
As shown the Eq. (5) and (10), 7^* a 1/S.
By applying Boltzmann statistics to obtain the probability of such a fluctuation, we 
obtain the nucléation rate (J), which indicates the number of nuclei per unit volume and 
per unit time that exceed the critical size.^ "^^ ^^
J  = J ,  exp(- ) 
k l
(12)
AG* is now the free energy of formation of the critical nucleus and Jo is the pre­
exponential term, which relates to the kinetics of molecules arriving at the nucleus.
2.6.3 Heterogeneous nucléation
Nucléation is an activated process, which is required for crystal growth. Thus, the 
ability to control nucléation will hopefully lead to success in protein crystallisation, to 
produce single large crystals for X-ray diffraction s t u d i e s . V a r i o u s  methods have 
succeeded in controlling o f the amount of nucléation, such as incubation under
0ilJd53,157]
However, another way to control the amount o f nucléation is heterogeneous nucléation 
by a nucleant (a material deliberately added to promote nucléation). Heterogeneous 
nucléation is generally more common than homogeneous nucléation, e.g., for ice cream 
and rain droplets.^^^^  ^ Heterogeneous nucléation occurs in contact with surfaces of 
foreign material in the bulk solution.^^^^^
In protein crystallisation, the material can be dust, any impurity, or a nucleant, which 
significantly has nucleation-inducing properties.^^^^^ McPherson et first reported
crystallisation of proteins and their nucléation and growth on various mineral surfaces. 
The results indicate that heterogeneous nucléation via adding nucleants (minerals) can 
result in nucléation at low supersaturations (metastable zone), which are not sufficient 
for homogeneous nucléation. He also suggested that the growth was epitaxial; this 
requires a match between the crystal lattice o f the nucleant and that of the growing 
protein crystal. This suggestion is later supported by Paxton et who emphasised
that the nucléation and growth on nucleant’s surfaces strongly depends on the closeness 
o f the match between the nucleant’s surfaces and the protein crystal lattices. Nucleants 
and impurities work by lowering the free-energy barrier to nucléation, as reported by 
Sear.^ ^^ ^^  His work pointed to the influence of uncharacterised impurities on the 
nucléation barrier and the rate of nucléation.
The interfacial free energy of the nucleant-nucleus interface should be less than the sum 
of the interfacial free energy of the nucleant-liquid and the liquid-nucleus interfaces.
Then, nucléation occurs with the same critical radius for homogeneous nucléation, 
but with a much lower nucléation barrier. The free energy needed for
heterogeneous nucléation is equal to the product of homogeneous nucléation and a 
function of the contact angle / {9)
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AG*, = A G ,_ / ( 0 )  (13)
Where,
/(/9) = —+ —cos<9-—cos^ 6 > (14)
2 4 4
AG*gf and I^ Ghomo are the free energy for heterogeneous nucléation and homogeneous 
nucléation, respectively. 6  is the angle between the interface (between the nucleus and 
the surrounding solution) and the surface. The critical radii for heterogeneous 
nucléation i^^d homogeneous nucléation (^2mo) ^re the same, as shown in Fig.
2.20. The supersaturation to nucléation in the bulk (Fig. 2.20(A)) and on the flat surface 
(Fig. 2.20(B)) is similar, but lower for nucleating in the slit pore (Fig. 2.20(C)).
K o m o  = 7 - ^ 1  ( 1 5 )
\
\
0 \
(A) (B) (C)
Figure 2.20 Schematics of critical nuclei: (A) in the bulk, (B) on flat surface, and (C) in 
a slit pore. The supersaturation of (A) and (B) is the same, but it is different at (C). The 
radius of curvature of all the critical nuclei is the same. 0  is a contact angle on the nuclei 
on the surface and in the pore.^^ ^^^
Heterogeneous nucléation and growth in the metastable zone offers larger and better- 
ordered crystals than at higher supersaturations (in the nucléation zone) due to less 
n u c l é a t i o n . Therefore, many researchers have searched for a ‘nucleant’ that can 
induce the nucléation of many proteins, called a universal nucleant, since McPherson^ 
first described work on nucleants in 1988, but most of the successes are limited and 
depend on trial and error.^''^^ In 2001, Chayen et reported a novel strategy for
protein crystallisation using mesoporous silicon, which has a porous network with pore 
sizes of 5-10 nm. This is similar to the size protein molecules. The results show that
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porous silicon successfully induces crystals of five different proteins. Similarly, Rong 
et found that porous glass with pore size of 1 0 - 1 0 0  nm can promote the
heterogeneous nucléation of lysozyme and thaumatin. The authors believe that the 
porous structures are essential for promoting the nucléation, i.e., the pores constrain the 
molecules and encourage them to aggregate in crystalline order due to their 
hydrophilicity and capillary phenomena of pores. Other porous materials have been 
reported as nucleants such as gel-glass,^^^^^ zeolites,^^^^  ^ and porous hydrophobic 
membranes of polypropylene.^^^^^ However, most o f the present nucleants cannot be 
claimed as a universal nucleant because there still have a limit on nucléation of various 
proteins.^^^^^
Other surface features that should be considered for heterogeneous nucléation on a 
surface are roughness and surface chemistry, as reported by Falini et The authors
conducted nucléation on chemically modified mica sheets. Their results indicate that the 
modified mica surfaces effectively act as a nucleant due to non-specific attractive and 
local interactions between charged residues of the protein and the ionisable groups on 
the mica surfaces. Furthermore, crystal lattice-matching of protein crystals and the 
nucleant surface is also important for growing the crystal as suggested by work in 
zeolite by Sugahara et Their study shows that a synthetic aluminosilicate
crystalline material with pores of 3, 4, 5 and 13 À can promote nucléation o f proteins. 
However, the most successful one was molecular sieve type 5A with a pore size o f 5 À 
and with bound Ca^^ ions. Nonetheless, in the study the number o f successfully 
crystallised proteins is still low and the poor crystallisability still remains comparable to 
gel-glass,^^^^  ^ which has bigger pore sizes than those in the zeolite which are much 
smaller than a single protein m o l e c u l e . C a c c i u t o  et reported numerical
simulations of the crystallisation of hard spheres in the presence of different sizes o f a 
single larger sphere (the nucleant) and crystallisation on different surface curvatures, 
such as the concave surface in Fig.2.21(B). In general, they found that the seeds 
effectively induce heterogeneous nucléation, see Fig. 2.21(A); the low barrier indicates 
that nucléation occurs easily. In addition, they reported on simulations o f colloids 
crystallised on curved surfaces, including concave surfaces, which are found for 
nucléation inside a cylinder pore. Their results show that the ability o f inducing 
nucléation depends on the curvature of the surface.
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Figure 2.21 (A) Free-energy barriers for erystal nucléation in a system of hard spheres 
with a smooth spherical seed. The seeds have different radii (Rs): 5a, 6 a, and 7a, where 
a  is the hard colloids with diameter. The dashed curve represents the homogeneous 
nucléation barrier. N is the size of the nuclei, defined by number of seed particles. (B) 
The crystallisation of hard-sphere colloids on concave surface.
I have used buckypaper, a disordered porous material, as a nucleant due to its 
controllable porous structure and surface chemistry. The motivation o f using the 
disorder porous media is from the previous success with gel-glass and a novel 
suggestion by Chayen and Sear.^^^ ’^ As previous described, if no nucleant is present, 
it will be impurities that induce nueleation.^^^^’ Nucleants and impurities work by 
lowering the free-energy barrier to nucléation. If a nucleant such as buckypaper is 
present then nucléation should occur on the nucleant, and sometimes on the impurities 
as well.^^ ^^  ^Although the surfaces of impurities lower the nucléation barrier, the surface 
of a nucleant should lower it more.
2.6.4 Nucléation in porous media
In our application, buckypaper, a disordered porous film made from carbon nanotubes, 
has been used because its pore size distribution and surface wetting ability can be 
controlled. The idea of using disordered porous media has been motivated from the 
previous success in protein crystallisation on porous silicon and gel-glass and a novel 
suggestion by Chayen, Sear, and their co-workers, who emphasised that the non-porous 
surfaces have proved less successful at promoting n u c l é a t i o n . Furthermore, their 
results show that disordered porous media are more effective for inducing protein 
crystallisation than uniform-pore size media, such as zeolites.^^^^’
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This indicates the influence of geometry o f the pores on accelerating nucléation. Most 
of the theoretical explanations in this part are given by our group, lead by Dr. R.P. Sear.
To understand how a pore affects nucléation, first, we consider a porous medium with 
Upore pores, which attract protein molecules in protein solution. The rate of 
heterogeneous nucléation resulting from n pore pores is R, which is defined as
p^ore   ACt*
J? = v| i exp( — (16)
;=1
Where AG* is the free-energy barrier to heterogeneous nucléation in pore i. In each 
pore, the free-energy barrier is of some height AG* that varies from pore to pore. The
attempt frequency for nucléation (v) is the same in all pores. It has dimensions o f 
inverse time. It describes the rate at which protein molecules diffuse from the solution 
and on to the growing nucleus, k  is the Boltzmann constant, and T  is the absolute 
temperature.
In a disordered porous material, there is a distribution of pore sizes around the mean 
pore diameter {mi), with a standard deviation (oj). In each pore, factors that affect 
nucléation are specified by the pore diameter {d) and pore shape (^). Pores may have 
different shapes, but similar diameter, i.e., long and thin pores and more spherical pores, 
but both have the same average diameter. The diameter and shape parameter o f pore i 
are denoted by dj and Si, respectively. The shape of pore i contributes an amount St to the 
free energy to form a nucleus. The diameter and shape variation o f the free energy of 
the critical nucleus are expressed as a Taylor series of the diameter variation around the 
optimum pore size {do), and the shape variation as simply a random variable. We define
s so that its mean is {s) = 0. There will be some optimum diameter {do), dit which the
nucléation barrier is lowest at AGq . Expanding around this minimum value we have that 
the free-energy barrier in pore i is
AG, (J,., 5,. ) = A G q {d i - d ^ "  + S j (17)
where we have kept only the leading, quadratic term. The stiffness constant that gives 
the increase in free-energy barrier as the pore gets too big or too small is .
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Taking the dt and Sj from probability distribution functions pd and ps, respectively, the 
mean or expectation value of the rate of heterogeneous nucléation is given by
(18)
The diameters (d) and shapes (^) are assumed to have Gaussian probability distribution 
functions, with widths of and O5 , respectively. The mean diameter is rrid, and by 
definition the mean of 5  is zero. Then, Eq. (18) can easily be evaluated, and the average 
of the rate R is given by
( 4 = exp - A G q
KT
I O'.
2 2(K^ + a])
(19)
The right-hand side of the equation is the number of pores times the average rate in
pores of the optimum size, v exp and times the overlap of two Gaussians:
one being the distribution of pore diameters and the other is the rate variation, the 
exponential of Eq. (17). We now have a relation between the average rate of 
heterogeneous nucléation per site (<R>) and the optimum pore size for protein {do).
<R>
Figure 2.22 The average rate of heterogeneous nucléation per site <R> as a function of 
the optimum pore size for nucléation of a protein {dg). The stiffness coefficient for the 
variation of the barrier with pore size was set to be lOkT nm’^ . The mean pore
diameter (m^) is 7.5 nm. Two types of pore-size standard deviations {ad) are plotted: Od 
= 3 nm (the solid curve) and = 0.5 nm (the dashed curve).
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Due to the different proteins having different radii and different optimum pore sizes 
(do), which corresponds to the critical size of the nucleus, a plot in Fig.2.22 shows the 
nucléation rate (<R>) effectively of the protein size. From the plot, the porous medium 
with the narrow range of pore sizes {od = 0.5nm) will only be an effective nucleant for 
nuclei of a very specific comparable size. Fig. 2.23 shows the simulation of nucléation 
in pore (Fig. 2.23(A)) and the pore is filled (Fig. 2.23(B)).^^^^^
Page and Sear^ ^^ ^^  studied why porous media may behave as nucleants by studying 
heterogeneous nucléation in and out of pores, and finding what the optimum pore size is 
for protein crystallisation, as shown in Fig. 2.24. Nucléation of pore filling and 
nucléation out of the pore have opposing dependencies on pore size, which result in a 
pore size at which the nucléation rate of the new phase is maximal. The simulation used 
is based on a highly simplified model: the two dimensional Ising model on a square 
lattice with nearest neighbour interactions. The rate at which crystals form inside the 
pore increases as the pore becomes narrower (cyan curve in Fig. 2.24(B)). But the rate 
at which these crystals go on to form a bulk crystal increases as the pore diameter 
widens (black curve in Fig. 2.24(B)). Thus, the crystallisation rate is at a maximum for 
pore diameters somewhere between the wide and narrow extremes, and it is these 
optimally sized pores that may dominate crystal nucléation on a meso-porous substrate. 
Consequently, Page and Sear suggested that the pore size should approximately be the 
same size as the critical nucleus. In disordered porous materials, such as porous silicon, 
gel-glass, and buckypaper, the pore sizes are variable. Also, how many crystals form 
depends on how many pores induce nucléation.
(A)
Molecules
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wall (B)
Figure 2.23 A model of protein crystallisation via heterogeneous nucléation. (A) 
Nucléation in pore. The nucléation begins at the comers of the pore. (B) A full pore.^^^^^
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Figure 2.24 (A) The rate of nueleation as a function o f pore width. The system is of 60 
by 60 lattice sites, the pore is 30 sites deep, J/kT  = 0 :8  and h/kT= 0:05. The error bars 
are a standard deviations of the rates obtained in 4 independent runs. (B) In(Rate), as a 
function of pore width, for the same system. The red-dashed curve is the overall rate for 
nueleation from a pore, the cyan curve is the nueleation rate in a pore, and the black 
curve is the nueleation rate of the bulk spin-down phase out of a pore that is already 
filled with the spin-up phase.
Sear^ ^^ ^^  defined an effective number of pores that contribute to the nueleation rate {R) 
as Weff, the ratio of the total nueleation rate (Eq. 16) to the rate in the pore with the 
lowest free-energy barrier to nueleation.
= -AG*
e x p ( ^ )
(20)
AG2,n is the minimum of the set of all «pore free-energy barriers, and AG* is the free- 
energy barrier to nueleation in pore i. Agff potentially indicates how many nuclei will 
form: if all pores have almost the same energy barrier, Aeff = «pore- Whereas in the other 
limit if  the barrier in the pore with the lowest barrier is much lower than that in all other 
pores, Aeff = 1. The observation of Ay-is particularly useful for crystallisation on porous 
media as it suggests the ways to reasonably select and design nucleants to produce only 
a few hopefully large crystals. As a result, disordered porous media with highly non- 
uniform pores seem to be good nucleants to optimise the difficult task o f crystallising 
proteins and other important materials.
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2.6.5 Factors affecting solubility and supersaturation of protein
Crystallisation of protein is done from a protein solution in a supersaturated state, where 
nueleation occurs. Supersaturation is achieved when the equilibrium solubility of the 
protein is exceeded. There are many variables that affect the supersaturation, which 
directly affects nueleation and growth.^*^^’ I will discuss the most important ones 
below.
2 .6 .5 .1  p H
The solubility of a protein depends on pH. Also, the protein will crystallise only if  the 
pH allows the protein to be folded. From Fig. 2.25, at the protein’s isoelectric point (pi), 
the protein solubility is minimal and its net charge is zero.^^ ^^ ^
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Figure 2.25 Solubility of the protein ribonuclease Sa (RNase Sa) as a function of
2.Ô.5.2 Temperature
Another way to control solubility and hence crystallisation is to vary the temperature. 
Some proteins can crystallise in a wide range of temperatures, such as 0-40 °C, others 
may denature if the temperature is too high or too low. The solubility o f proteins can 
increase, decrease, or remain constant when the temperature o f the system changes. 
Crystallisation at a lower temperature can sometime take a longer time yielding a better- 
ordered erystal than that at a higher one.^^^ ’^ When the temperature is varied in a
lysozyme solution, liquid-liquid phase separation may occur. Liquid drops may form in 
the solution, depending on the temperature, pH, or other solution condition. These drops
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contain a high concentration of protein. If the solution containing the liquid drops is 
centrifuged at high speed such as 35,000 rpm, the liquid will form two layers (Fig. 
2.26(A)). Liquid-liquid phase separation (Fig. 2.26(B)) is important for protein 
crystallisation because crystals sometimes form inside the drops containing a high 
concentration of protein, the protein-rich phase.^^^^’^ ^^  ^ By using light scattering and the 
cloud-point method, the phase boundaries for liquid-liquid separation can be 
determined. The temperature at which the transmitted intensity falls to half of its initial 
value is defined as the cloud temperature Tcioud. The cloud curve of lysozyme is shown 
in Fig. 2.27.""^'
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Figure 2.26 (A) Liquid-liquid phase separation o f the protein thaumatin after the sample 
was at -9.5 °C for 42 hr and centrifuged at a high speed. (B) Liquid-liquid phase 
separation of bovine E crystalline in sodium phosphate.^^^^^
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Figure 2.27 The phase diagram of lysozyme in the concentration/temperature plane. 
Full circles: cloud point data based on experiment. Dashed line: fit to Tdoud equation. 
Open circles and diamonds: solubility of tetragonal and orthorhombic lysozyme, 
respectively. The solid lines are fitted to the van’t Hoff equation.^ "^^^^
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2.6.S.3 Electrolyte
Varying the type and eoncentration of electrolytes plays a vital role in protein 
purification and protein crystallisation. The effect of ionic strength on protein solubility 
is commonly explained as salting-out or salting-in. For salting-out, the fundamental 
concept is that adding salt decreases the solubility of the protein, causing the protein to 
come out as a crystal. Salting-in refers to a phenomenon at a low salt concentration that 
increases the solubility of a protein. The solubility of lysozyme is inversely 
proportional to the amount of sodium chloride. Fig. 2.28(A) shows the solubility data 
for lysozyme in different sodium chloride concentration at room temperature. The 
solubility of the lysozyme decreases as the amount of sodium chloride increases.
In Fig. 2.28(B), we see that at high salt concentrations, e.g., 9%NaCl, which is a higher 
supersaturation, many crystals occur, but they are small and needle-like. In contrast, at a 
lower salt concentration (see Fig. 2.2(C)), e.g., 5%NaCl, a lower supersaturation, a few 
crystals occur with a better order, according to X-ray c r y s t a l l o g r a p h y . ^ ^ I t  
means that changing supersaturation can change the erystal order, i.e., reduction in the 
density of defects.
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Figure 2.28 (A) Lysozyme solubility as a function of % NaCl at pH 4.5 at room
t e m p e r a t u r e . ( B )  Needle-like crystals and tetragonal crystals of 20 mg/ml lysozyme 
in 9 % NaCl at pH 4.5 at room temperature. (C) Tetragonal crystals of 20 mg/ml 
lyzozyme in 5% NaCl at pH 4.5 at room temperature.
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2.6.S.4 Soluble synthetic polymers on protein solubility
Poly(ethylene glycol) is a water-soluble polymer used as a precipitant in the same way 
as salts are. PEGs of moleeular weight 4,000 or 6,000 appear to be useful for 
erystallisation.^^^^’
2.6.6 Protein erystal growth
We have now seen the factors that affect protein crystallisation and how nueleation can 
be governed. However, this information is not enough to improve the quality o f crystal, 
without an idea of how crystals grow.^^^^  ^ Once the free-energy barrier to nueleation has 
been overcome the nuclei grow, to form macroseopic crystals. This stage of 
crystallisation is called crystal growth.
The growth mechanisms of protein crystals are similar to those of small molecules, e.g., 
normal growth, birth-and-spread, and spiral g r o w t h , w h i c h  all consist of 
attracting growth units from solution, and integrating them into the crystal lattice. Also 
like with small molecules, growth can be inhibited by i m p u r i t i e s . H o w e v e r ,  
among a number of growth meehanisms, the simple model of Terrace-Ledge-Kink 
(TLK) may be useful. Its simplified schematic is shown in Fig. 2.29(A).
Kink
Terrace Step
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Figure 2.29 (A) Schematic, simplified, representation of the crystallisation process, 
eonsisting of a mass transport and a surface incorporation part. The crystal growth rate 
is determined by the slower of these two p r o c e s s e s . ( B )  Tetragonal lysozyme crystal.
In Fig. 2.29(A), we see that, in solution, the growth units are first transported from the 
bulk solution toward the crystal and then stick to the surface. At this point, the molecule 
will behave in one of three ways: ( 1 ) directly integrating into the erystal lattice at an 
available kink position (growth unit A%), (2) first absorbing on to the surface (terrace).
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migrating to a step, and finally attaching to an available kink site (gro'svth unit Az), or 
(3) desorbing from the surface and returning to the fluid phase (growth unit A 3 ).
The transport process (mass transport) is not only important for the crystal growth rate, 
but also for the crystal quality.^^^ '^^^^  ^ It can be divided into two different ways: 
convection and diffusion. Convection naturally results from density differences in the 
solution, created by the growing crystal and gravity. It is an effective means of mass 
transport, which is strong enough to drag along large impurities. When engaging with 
the crystal surface, these impurities become incorporated into the crystal and thus 
reduce the crystal quality. Gravity also causes growing crystals to sediment, which can 
also affect their growth. Many research groups try to improve crystal qualities by 
avoiding convection via crystallising in microgravity (space),*-^ ^®’^ ^^  ^ using gels,^^^ ^^  or 
using nanoliter v o l u m e s . I n  the absence of convection, diffusion remains the main 
way of transporting molecules. It is a slow process for large impurities compared to the 
diffusion of protein molecules. However, strong dependence of growth on the rate of 
diffusion may affect the crystal morphology, e.g., resulting in unstable or dendritic 
b e h a v i o u r . T h u s ,  to obtain a good quality crystal, we need to balance all processes.
Many methods are used for measuring crystal growth, normally of tetragonal crystals of 
lysozyme (see Fig. 2.29(B)). Examples are atomic force microscopy (AFM),^^^^  ^optical 
methods,^^^^^ and interferometry.*-^^^^ Growth rates are normally calculated by the 
movement in the crystal face (either (101) face or (110) face) with time. The growth rate 
can be affected by pH, temperature, sodium chloride concentration, protein 
concentration, etc.^ ^^ ^^  Fig. 2.30 shows crystal growth rates at different pH, sodium 
chloride concentrations and temperature. The growth rates are higher when either the 
acidity or the sodium chloride concentrations increase (see Fig.3.30 and Fig. 2.31). Fig. 
2.30 is an example showing that the growth rate is very sensitive to the pH. In contrast, 
at high temperature, the growth rate is slower, e.g., the growth rate o f 2 0  mg/ml of 
protein at 22 °C is slower than that at 4 °C (see Fig.2.32). Essentially, all the factors, 
pH, salt concentration, and temperature, which affect the supersaturation affect the 
growth rate. At a specific protein concentration, when the sodium chloride 
concentration is varied from low to high concentrations, the supersaturation will change 
from low to high supersaturation, r e s p e c t i v e l y . Th i s  also happens when we change 
the pH and temperature.
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Figure 2.30 Crystal growth rate of (101) face of tetragonal lysozyme crystal at different 
pH in 0.1 M NaAc buffer with 5% NaCl at temperature of 22 °C. The dashed and solid 
lines are fitted to the equations that Gorti et al. used. The green squares, blue circles, 
and white circles represent growth rate data obtained at pH 4.0, 4.4, and 5.2, 
respectively, at 2 2
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Figure 2.31 Crystal growth rates of (101) face of tetragonal lysozyme crystal with 
different sodium chloride concentrations in 0.1 M NaAc buffer at pH 4.4 in temperature 
of 8  °C. The solid lines fit to the equation that Gorti et al. used. The black circles, 
triangles, squares, purple circles, and green circles represent growth rate data obtained 
at NaCl concentrations of 7%, 5%, 3%, 2.5%, and 2%, respectively.*^^
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Figure 2.32 Crystal growth rates of (101) face of tetragonal lysozyme crystal at 
different temperatures with O.IM NaAc buffer at pH 5.0 and 5% NaCl. The dashed and 
solid lines fit to the equations that Gorti et al. used. The blue circles, white circles, and 
red squares represent growth rate data obtained at temperatures of 4, 10, and 22 °C, 
respectively.
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2.7 Cell reaction on different topography and carbon nanotubes
Tissue engineering is still in development, it may play an important role in our future. It 
is a multidisciplinary approach for a modem medical treatment, involving transplant, 
replacement, or repair of many tissues, e.g., kidneys, heart, bone, etc. Generally, there 
are three important keys leading to the achievement: the cell, the scaffold, and the cell- 
scaffold interaction.^^^^^
To understand how the cell performs its function and to apply it for tissue engineering, 
it is necessary to replicate, as closely as possible, the cell behaviour in the living 
organism, e.g., the dimension, the configuration, and the environment of the cell.^ ^^ ^^  In 
order to do this, an artificial environment outside the living organism is required for the 
cell cultures and the cells need to be seeded on to the substrate or the scaffold (3D- 
stmcture). Many important characteristics of the scaffold are useful for cell adhesion 
and growth, and stmctural support for tissue regeneration, e.g., high surface area and 
porosity, and mechanical s t r e n g t h . H i g h  surface area provides the surface that the 
cell can access and anchor on to.^ ®^^  ^ The porous stmcture of a 3D-scaffold allows the 
transfer of important bio-molecules between the transplanted cells (inside the scaffold) 
and a host tissue or external s o u r c e . T h e  pores allow free transport of molecules. If 
the pores are larger than 1 0  pm, cells are capable of migrating through the pores o f the 
scaffold. The scaffold used can be either synthetic porous polymers or natural 
materials, both have various stmctures, e.g., sponges, fibers, or hydrogels.^^®®’^®^^
In our experiments, we employed assemblies of carbon nanotubes as thin films for 
substrates (2D) for cell growth. The aim of the study is to evaluate cell growth and the 
cell morphology adhering to different surface morphologies o f the films: aligned and 
isotropic entangled nanotubes. Thus, this review will focus on the influence o f surface 
topography on cell behaviour.
2.7.1 Interaction between cell and surface
It is well known that material surfaces have a strong effect on cell behaviour. They 
directly produce cellular responses, e.g., morphology, cytoskeletal structure, and 
f u n c t i o n a l i t y . T h u s ,  it is important to understand the interactions between cell 
and scaffolding materials. The topography and chemistry o f the surface are the key to
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determining whether protein molecules on cell surfaces can adsorb and how the cell 
adheres and aligns i t s e l f I t  has been reported that generally spaced pits or pillars of 
a few hundreds o f nanometers tend to reduce cell adhesion, but steps and grooves of 
nanostructure with height or depth and extended length may raise a d h e s i o n C l a r k  et 
al. and Wojciak-Stothard et al}^^^^ showed that the degree of orientation of cells 
increased with increasing depth and with decreasing width of the groves. Clark et al. 
examined how parallel grooves (on substrates) of varying dimensions affect the 
alignment of cells. The results showed that the groove depth was much more important 
in determining cell alignment than pitch length. Fig. 2.33 shows SEM images of the 
baby hamster kidney cells on the substrates with the same pitch (6 pm), but different 
depths: (A) is with 0.3 pm deep grooves and (B) is with 2 pm deep grooves. These 
authors also reported that the degrees of orientation were fairly random on the shallow 
grooves. Also, Wojciak-Stothard et found that the P388D1 macrophage-like cells 
reacted to grooves with a very small dimensions, down to 44 nm depth. Rajnicek et 
alP^^^ reported that neurons (Xenopus neurites) can grow parallel to grooves as shallow 
as 14 nm and as narrow as 1 nm, which shows how sensitive the sensing mechanisms of 
the cells are.
Figure 2.33 SEM images of the baby hamster kidney cells on the substrates (A) 6  pm 
pitch, 0.3 pm deep grooves; the arrows indicate where lamellar regions comply with the 
substrate shape (B) 6  pm pitch, 2 pm deep; the arrow indicates ruffling growth cone­
like leading lamellar structure. The scale bars are 27 pm.^ ^^ ^^
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Similar to the role o f surface topography, the wetting ability of the surface can also 
affect cellular behaviour. Surface hydrophilicity and surface chemistry affects the 
configuration or conformation of the proteins, which are deposited by cells on the 
substrate surface. The increase in protein adsorption improves cell adhesion and 
f u n c t i o n . S i g a l  et studied the non-specific adsorption of several proteins to
surfaces, covered with a self-assembled monolayer o f functional groups. The results 
showed that the adsorption of proteins on their uncharged surface increased with the 
hydrophilicity of the surface and was a function of the size of the proteins, den Braber et 
demonstrated the effect of surface energy on cell behaviour using fibroblast. 
They varied the wetting ability of a silicone sheet with grooves and plane surfaces by 
exposing them to UV light. The results show that topography is more important than 
surface chemistry. Cell behaviour that strongly depends on surface topography is also 
described by Meyle et who pointed out that their fibroblasts were orienting
during adhesion, and conformed to the surface texture to gain a maximum contact area 
on the surface for mechanical stabilisation against interfacial movement. However, it 
cannot be concluded that the cell orientation is due to its mechanical equilibrium with 
the net sum of the forces m i n i m i s e d , s o  further investigations remain to be done.
2.7.2 Cell reaction on carbon nanotube
Many different methods are used for fabricating substrates with a nanostructured 
topography, e.g., lithography, etching, molding replication, and nanoprinting. 
However, new tools and new techniques are essential for better progress in tissue 
engineering. Carbon nanotubes have been investigated as a novel tissue engineering 
material with many promising applications, e.g., tracking o f cells (to understand cell 
migration),^^^" '^^^^  ^ sensing cellular behaviour and environment (biosensors),*^^^ '^^^^  ^ drug 
and gene d e l i v e r y , a n d  scaffolding for incorporation with the host’s tissue. 
Although there is concern about carbon nanotubes being cytotoxic, the toxicity 
associated with carbon nanotubes may be reduced by purification methods and chemical 
functionalision of the nanotube surface.^^^^’^ ^^ ’ Even though the cytotoxicity of 
carbon nanotubes still remains a question, many studies have been conducted 
successfully, especially on cell growth on purified and functionalised carbon nanotubes.
[229]
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In our experiments, we aim to evaluate the cell morphology adhering to different 
surface morphologies of the carbon nanotube films. Thus, this section is focused on cell 
scaffolds based on carbon nanotubes.
A number of in vitro studies have shown the use of carbon nanotubes for growing 
several different cells types including fibroblasts, muscle cells, kidney cells, osteoblasts, 
glia and n e u r o n s . L o v a t  et used MWNT substrates for growing
neural cells. The study is for improving neural signal transfer. The results show that the 
increase in the efficacy of neural signal transmission may be due to the high electrical 
conductivity of carbon nanotubes. However, further studies are required, including 
computer simulations to model electrical interactions between neurons connected via 
CNTs. Carbon nanotubes also have the potential for providing the needed structural 
reinforcement for tissue scaffolding, e.g., bone replacement. Zanello et alP^^ used 
functionalised carbon nanotubes for growing rat osteosarcoma ROS 17/2.8 cells as 
shown in Fig. 2.34. The ROS 17/2.8 cell bodies were grown flat on the SWNTs (Fig. 
2.34(A)). This is similar to their growth on glass (Fig.2.34(C)). Their typical cell 
diameters are approximately 40 pm, which is close to that of osteoblasts found on the 
surface of natural bone. However, cell bodies are spherical when grown on the MWNTs 
(Fig. 2.34(B)). Their bodies are fairly round with the approximate diameter of 15pm 
and develop long threadlike cytoplasmic prolongations, which resembles that of the 
fully differentiated osteoblasts embedded in the bone matrix (Fig. 2.34(B)). Thus, they 
concluded that the functionalised carbon nanotubes show promising biocompatibility 
with osteoblast cells.
Figure 2.34 SEM images of the morphology of ROS 17/2.8 osteosarcoma cells. (A) An 
osteoblast colony on the functionalised SWNTs, (B) an osteoblast colony on 
functionalised MWNTs, and (C) an osteoblast colony on the glass cover slips.^^^^
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Blending carbon nanotubes with other biocompatible materials, such as polymers or 
c o l l a g e n , i s  another strategy that provides a potential way to improve the 
properties of the composite materials and so to engineer in the properties required for 
tissue engineering. Mostly, the carbon nanotubes are used for reinforced composite 
materials due to their very high aspect ratio, and outstanding mechanical and electrical 
properties. An example is the blending of SWNT with collagen to support smooth 
muscle cell g r o w t h , a n d  coating carbon nanotubes with 4-hydroxynonenal for 
growing rat hippocampal n e u r o n s . I n  addition to structural reinforcement and bone 
mimics, either carbon nanotubes or their blends with collagen can serve as a nueleation 
site for the hydroxyapatite the principal mineral component of bone.^ "^^ ^^
Zhao et successfully crystallised hydroxyapatite on functionalised single-walled
carbon nanotubes, and used the result as a scaffold for the growth of artificial bone 
material. The results (Fig. 2.35) showed that SWNTs, functionalised with negatively 
charged groups, attract the calcium cations and lead to self-assembly of HA.
(A) I % t _ _ (B)
Figure 2.35 SEM images of HA crystals formed functionalised SWNTs for different 
periods of a mineralization time, (A) 30 min, and (B) 1 day.^ ^^ ^^
In addition to isotropic self-assemblies of carbon nanotubes, they can be arranged into 
ordered formations. Zhang et demonstrated such oriented nanotube sheets. These
aligned MWNT sheets are initially formed as a highly anisotropic electronically 
conducting aerogel that can be densified into strong sheets that are as thin as 50 nm. 
During manufacture of the aligned sheets, the process allows control of the topography 
of the sheet, e.g., of the spacing and periodicity of the nanotubes to produce 
sophisticated architectures. Galvan-Garcia et reported the used of the aligned
MWNTs prepared by Zhang et for the study of the migration of fibroblast cells.
They observed aligned cellular growth and dynamic motility on the aligned sheets (Fig.
53
2.36), which indicate the possibility of applying the aligned nanotubes for tissue 
engineering.
Glass
I
m i
Figure 2.36 Optical image of human skin fibroblasts cultured on glass cover slips 
partially coated with CNTs, the dotted line is the glass-nanotube sheet boundary.
Carbon nanotubes have the ability to perform as multifunctional structural materials. 
They may be able to provide the initial structural reinforcement needed for newly 
created tissue scaffolds. To create 3D arrays, carbon nanotubes can be grown on a 
patterned bed of catalysts as shown by Zhang et al. This permits control of the size, 
spacing, and periodicity of the nanotubes to produce a novel scaffold. Correa-Duarte et 
al.^ ^^ ^^  reported the use of MWNTs as a three-dimensional scaffold (see Fig. 2.37) for 
growing the common mouse fibroblast cell line L929. The MWNT-based 3D networks 
were shown to support cell adhesion and growth. However, the in-vivo cell behaviour 
needs to be studied and the long term toxicity of the carbon nanotubes remains a 
question.
. . .  \ -' 'ft'
1(B)
Figure 2.37 SEM of a 3D scaffold based on MWNT structures. (A) and (B) both show 
a network of crosslinked carbon nanotube walls forming cavities.
54
To summarise, carbon nanotubes have the right properties to be used for applications 
such as cell imaging, chemical and biological sensing, drug delivery, and scaffolds for 
tissue engineering. They appear 'well suited for many medical applications although the 
cytotoxicity remains unclear. For biomedical applications, the cytotoxicity may be 
reduced by chemical fuctionalisation. Carbon nanotubes are not biodegradable. 
Although it has been reported that carbon nanotubes can be excreted out o f the body of 
tested a n i m a l s , f u r t h e r  in vivo studies need to be confirmed. However, the use of 
carbon nanotubes for tissue engineering offers the opportunity to develop a next 
generation in bio-engineering.
55
2.8 Carbon nanotubes actuators and sensors
Carbon nanotubes have exceptional properties, such as electrical and mechanical 
properties. Carbon nanotubes may have many various applications, including in the 
actuating and sensing fields. Individual SWNTs have been used as probe tips for a 
number o f scanning probe microscopes such as AFM and STM, these have the 
advantage that they can detect deep and narrow features on a surface.^ "^^ ^^  Apart from 
being used as an individual tube, most practical applications have been at the macro 
scale, e.g., fibres or yams, films, and bulk composites.^^^’ This section is a brief
review of carbon nanotubes for actuating and sensing applications.
2.8.1 Actuating behaviour of carbon nanotubes
Actuating and sensing behaviour o f carbon nanotubes in a macro scale is typically based 
on the high electrochemically accessible surface area of porous nanotube arrays, their 
high electronic conductivity, and their mechanical properties.^^^' In gas sensing, the 
idea is to use surface absorption processes on porous stmcture films (buckypapers) o f 
nanotubes to simultaneously sense and actuate. For example, the accessible surface area 
of our buckypaper is more than 400 m^/g. Many reports show the use o f carbon 
nanotubes in many actuation processes, such as double-layer charge injection, 
electrostatic actuation,^ "^^ "^  ^ and light-driven actuation.
Baughman et demonstrated a cantilever-based actuator based on double-layer 
charge injection, operating in aqueous NaCl. This electromechanical actuator consisted 
of two electrodes, which were strips of buckypaper. The strips were separated by an 
electronically insulating material, which was double-sided Scotch tape. In Fig. 2.38(A), 
when the voltage is applied (charge is injected), the Na^ and C f ions form an electrical 
double layer at the interface between buckypaper and electrolyte solution. The equality 
between the lengths of two buckypapers is dismpted due to the electrochemical effect 
and charge transfer, causing the bending of the sheets. Fig. 2.38(B) represents the 
method for characterising the actuator. The change in the lengths o f the buckypaper 
strips after an actuating response causes a change in position of the mirror, which is 
measured by an optical sensor. The results showed that actuator response can be 
observed up to switching rates of 1 kHz. Cycling the actuator at constant rate of 1 Hz 
for 140000 cycles decreases the stroke by 33%. 0.75 MPa of stress were measured on 
the nanotube sheet actuator during its isometric contraction.
56
Kim and reported the use of carbon nanotubes as nanotweezers. The tweezers
are fabricated by the deposition of carbon nanotube bundles (20 to 50 nm in diameter) 
on isolated electrodes deposited on tempered glass micropipettes ( 1 0 0  nm in diameter). 
The eleetromeehanical response of nanotube nanotweezers was investigated by applying 
bias voltages to the electrodes while simultaneously imaging the nanotube 
displacements as shown in Fig. 2.39.
Mirror
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Scotch tape
Optical s en so r
'■ Electrolyte
( ® )  Buckypapers SW NTsPVC
Figure 2.38 (A) Schematic edge view of an actuator based on electrical double-layer 
injection technique in NaCl solution. The actuator comprises two strips of buckypaper 
(shaded), laminated together with an intermediate layer of double-sided Scotch tape 
(white). (B) The setup for characterising the actuator as prepared in (A).^ "^^ ^
Carbon nanotube bundles
Small clusters
Small clustersGlass
micropipette
Figure 2.39 SEM image of the nanotweezer before and after grabbing the small 
clusters. (A) Approach of the nanotweezers to nanoclusters. (B) A voltage was applied 
to nanotweezer arms on the nanocluster, and then the nanotweezers and cluster were 
moved away from the sample. Scale bars, 2 pm.
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Carbon nanotubes are also reported to be sensitive to visible light as described by Zhang 
and lijimaJ^"^^  ^ The sensitivity of the nanotubes to the intensity o f the light causes 
elastic deformations o f the nanotube bundle on exposure to light, and this causes 
movements. Moreover, they observed currents induced by light shining on carbon 
nanotube filaments aligned between two metal electrodes.
2.8.2 Carbon Nanotubes Gas Sensing Applications
Carbon nanotubes have been increasingly investigated as an active material in 
semiconductor gas sensors due to their electrical properties that are sensitive to their 
environment, their large aspect ratio which provides large sites for gaseous molecules to 
be adsorbed, and their chemical stability.^^ "^ ^  ^ In the presence of some gaseous 
molecules, which either donate or accept electrons, there will be changes in the 
conductivity o f carbon nanotubes.^ "^^ '^^ ^®^  Sensors based on carbon nanotubes are 
expected to have more potential than other types of sensor. For example, conductive 
polymers have a limited sensitivity and conventional MOS (metal oxide semiconductor) 
sensors are typically operated at high temperatures (above 300 Using carbon
nanotubes as sensors is safe for detecting flammable gas in explosive atmospheres and, 
also, reduces the power consumption of the sensors. Moreover, the surface o f carbon 
nanotubes can be modified, and they can be mixed with other materials as a composite 
material. For example, they can be blended with polymers, attached to metals or other 
materials, producing a new composite material, such as a super strong fibre or a field 
emission display.^^^^  ^ These facts mean that carbon nanotubes are an exceptional 
candidate for gas sensing materials.
Detection o f gas molecules such as NO2 , NH 3 , O2 , N 2 , CO, CH4  or even water are 
important for monitoring environmental, medical or industrial c o n d i t i o n s . K o n g  
and co-workers demonstrated the use of individual SWNTs as sensors for NO 2  and 
NH 3 . After exposure to the gases, the electrical resistance o f a semiconducting SWNT is 
dramatically increased or decreased, with a fast response. Moreover, the sensors show a 
higher sensitivity than that of existing solid-state sensors at room temperature. The 
advantages of this detector are its performance at room temperature conditions and its 
sensitivity at very low concentrations, a few parts per million (ppm), as reported by 
BokysLTOYSL et
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Qi et al. demonstrated that functionalised multiple tubes of carbon nanotubes can be 
used as a selective gas sensor (multiple-tube devices) as shown in Fig. 2.40. The 
significant advantage of the multiple-tube devices over individual tubes was lower 
electrical noise. The carbon nanotubes were functionalised with various types of 
polymer for enhancing sensitivity and imparting selectivity to nanotube sensors. For 
example, the n-type SWNTs produced by electron transfer doping by bigb-density 
amines on polyetbyleneimine (PEI) were ultrasensitive to NO], with the capability to 
detect less than 1 ppb (part-per-billion) concentrations, but insensitive to NH 3 . In 
contrast, coating with Nafion (a polymeric perfluorinated sulfonic acid ionomer) on 
nanotubes blocks NO] and allowed for the selective sensing of NH3 .
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microspotting with droplets of polymer solutions. (B) SEM image of nanotubes 
bridging two opposing Mo electrodes in a device. (C) Red curve shows the response of 
the device coated with Nafion. It exhibits response to 100 and 500 ppm of NH3 in air, 
but no response when exposed to 1 ppm of NO] (due to selective response). Blue curve 
shows the response of the device coated with PEI. It shows no response to 100 and 500 
ppm of NH3, but large conductance decrease to 1 ppm of NO].^^^^^
Carbon nanotubes have many exceptional properties. Moreover, they are easy to handle 
and can be combined or functionalised with various types of material, e.g., polymers, 
dispersants, bio-molecules, etc.^^ '^^ ’^  ^ In summary, it is an important challenge for
us to develop novel materials based on carbon nanotubes for sensing and active 
response.
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Chapter 3
Materials and Methods
This chapter presents the preparation methods for buckypaper and the procedures to 
study its potential for protein crystallisation (chapter 4), cell-growth substrates (chapter 
5), and actuating responsive sensors (chapter 6 ). The general idea o f how to make a 
buckypaper is shown in the first section (3.1). However, different studies require 
different buckypapers made with different preparation methods, so the precise details of 
preparing the buckypaper is explained in each section of the study. For example, the 
preparation methods and characterisation of the buckypaper for protein crystallisation, 
cell-growth substrates, and actuating responsive sensors, are described in sections 3.2,
3.4.1, and 3.5.1, respectively. In addition, the setup and technique for each study are 
also shown, i.e., the crystallisation technique, cell culture, and actuating study details 
are shown in sections 3.3.4, 3.4.2, and 3.5.2, respectively. Many techniques were used 
to characterise the buckypapers and the studies. For example, Brunauer-Emmett-Teller 
(BET) analysis, atomic force microscopy (AFM), Raman spectroscopy, UV-Vis 
spectroscopy, scanning electron microscopy (SEM), and fluorescence imaging. All are 
described in the section 3.6.
Many types o f buckypaper are prepared and used in the study; each offers different 
potential advantages depending on its physical and chemical properties. The 
comparisons, conclusions, and discussions of each buckypaper, including its most 
important advantages are described in the chapter 7 (conclusions and future work).
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3.1 Carbon nanotube suspension and buckypaper
Buckypaper is a thin film made from carbon nanotubes. The diameter o f the sample 
depends on the diameter of filter membrane, which is around 47 mm for our processes 
(Fig. 3.1). The thickness is controlled by the amount of nanotubes in suspension; the 
more nanotubes, the thicker the buckpaper. Well dispersed solutions lead to uniform 
thickness, high strength, and homogeneous distribution of tubes throughout the sheet’s 
structure. The average pore size also reduces when the sonication time is increased. 
However, most of the work is to control pore size distribution for protein crystallisation 
in porous material. The processes can be divided into two steps: suspension and
filtration.
(A)
CNT suspension ]  ,  Filter membrane 
) Clamp
\—  Filter AttachmentVacuum pump
\—  Flask
Liquid waste
(B) (C)
Figure 3.1 (A) SWNT suspended with TX-lOO and dionised water: (A l) non-uniform 
and (A2) uniform suspensions. (B) Experiment setup for making buckypaper via 
filtration method. (C) Free standing buckypaper.
To obtain high mechanical strength buckypaper, the nanotube dispersion should have a 
homogeneous dispersion and be stable during the experiment. A typical uniform and 
stable carbon nanotube suspension is shown in Fig. 3.1(A2). In contrast, the non- 
uniform suspension is not stable and contains evidence of microscale particulates (see 
Fig. 3.1(A1)). The suspensions for our experiments were prepared from either solvent or 
water and the surfactants depending on the applications. The advantages of buckypaper 
are the controllability of surface area, pore size distribution and surface chemistry. Pore 
size is mainly controlled by the probe sonication time. Surface chemistry is controlled 
by either dispersants or annealing.
78
3.2 Characterisation of buckypaper for protein crystallisation
Two types of buckypaper were made for protein crystallisation experiments: water 
based and non-water based buckypapers. The first one uses surfactants of Triton X-100, 
gelatin, or peptide nano-1. The non-water based buckypaper uses chloroform as a 
solvent.
3.2.1 Water based: Triton-X 100 buckypaper
The SWNTs (HiPco) were obtained from Carbon Nanotechnologies Inc. (CNI). To 
prepare 500 ml of SWNT suspension, SWNTs and Triton X-100 (TX-lOO) were first 
prepared in the weight ratio of 1:10 (0.02 g o f SWNTs and 0.2 g o f TX-lOO), 
respectively. The TX-lOO was first diluted with 40 ml of deionised water (di-water). 
The prepared SWNTs were then mixed with the TX-lOO solution and sonicated by 
probe sonicator at 28-30 Watts for different times: 4 (T = 4 min.), 15 (T = 15 min.), 40 
(T = 40 min.), and 90 minutes (T = 90 min.). Each prepared suspension was then diluted 
with di-water up to 500 ml and sonicated in a bath sonicator (Fisherbrand) for 30 
minutes. The suspension was then ready to make a buckypaper. The ready suspensions 
were filtered through a 0.22 pm filter membrane (nitrocellulose membrane with 47 mm 
diameter, Millipore) under vacuum from a water pump. When the entire amount of 
suspension was passed through the filter, 1 liter o f di-water was then passed through the 
buckypaper and filter. Passing di-water through the filter removes the more labile TX- 
lOO. Note that substantial amounts of TX-lOO remain to coat the SWNTs after rinsing 
(see TGA data in Fig. 3.7). The buckypaper was ftirther dried under vacuum to get rid 
of the water. The dried buckypapers were kept in the oven at the temperature o f 75 °C 
for 1 2  hr.
Sonicating is necessary for breaking up bundles of nanotubes, making a stable 
suspension, and controlling the pore size distribution. The homogeneity of the prepared 
suspension is dependent on the time of sonication, i.e., short time of probe sonication 
produces phase separation, but longer sonication time yields a uniform dispersion. 
Debundling of carbon nanotubes by different times o f probe sonication can be 
characterised by optical images, as shown in Fig. 3.2(A)-3.2(C). Phase separation can 
be visualised with sonication times from 4 and 15 minutes, but not for 40 minutes. 
Moreover, at short time of sonication, the nanotube bundles are big enough to quickly
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settle at the bottom after the sonication. In contrast, it takes a month for 40 minutes of 
probe sonicated SWNT suspensions to re-aggregate and sediment. The bundle sizes of 
SWNT also show by the Raman images of the G-band (with an excitation wavelength 
of 472.8 nm and an exposure time of 120 sec). The clusters clearly become smaller after 
longer times of probe sonication (see Fig. 3.2(D)-3.2(G)). Debundling of nanotubes in 
the suspenstion was further investigated by UV-Visible spectroscopy as shown in Fig.
3.4.
(A) (B)
Figure 3.2 (A)-(C) Photographs of SWNT suspensions after different times of probe 
sonieation: (A) 4 minutes (B) 15 minutes, and (C) 40 minutes. (D)-(G) Raman confocal 
images of the dried suspensions after drop deposition on silicon wafer; (D) no 
sonication, (E) 4 minutes, (F) 15 minutes, and (G) 40 minutes. The results were scanned 
by the excitation wavelength of 472.8 nm and the images are from the G band.
UV-Vis absorption spectra (Cary 5000 UV-Vis-NIR Spectrophotometer, Varian) were 
used to evaluate the dispersion, or debundling, of the SWNTs as a function of time of 
sonication. The differences in such spectra can be related to the concentration of carbon 
nanotubes in the suspension. Short times of probe sonication or no probe sonication 
(note that there was 30 minutes of bath sonication) produces mainly big bundles, which 
rapidly settle at the bottom, so there are small amounts of nanotubes to absorb the 
l i g h t . T h i s  makes the absorbance lower than that of longer time of sonication (see Fig. 
3.3), where the suspension contains plenty o f unsettled individual tubes or small 
bundles as shown in Fig. 3.2. However, with no probe sonication, there is a strong peak
80
between 1,450 and 1,550 nm, whieh is probably due to the water (blaek line)J^^ The 
spike pattern of the spectra is due to the one-dimensional Van Hove singularity, which 
is due to the electronic structure of the low dimensionality of SWNTsJ^^
No sonication
3 .4 T = 4 min 
7  = 15 min 
7  = 40 min 
7 = 90 min
3.2
3.0
8
c
CO
2.6o(/)
<
■o
8
2 .4
2.2
2.0(0
iO
z
0.8
6 0 04 0 0 80 0 1000 1200 1400 1600
Wavelength (nm)
Figure 3.3 Absorption spectra of SWN7 suspensions after different times of probe 
sonication: no sonication, 4, 15, 40, and 90 minutes.
Fig. 3.4 shows SEM images of a 7X-100 buckypaper at the sonication time of 15 
minutes (Fig. 3.4(A)-3.4(B)) and 40 minutes (Fig. 3.4(C)-3.4(D)). The bundle sizes of 
the SWNTs from the buckypaper made with 15 min sonication are bigger than those of 
40 min sonication. However, these images are not enough to quantify a total pore size 
distribution for pores throughout the thickness of the buckypaper because the SEM 
gives the information from the surface of the buckypaper. Thus, the pore size 
distribution and surface area are obtained from Brunauer-Emmett-7eller (BET) 
analysis of nitrogen adsorption (Coulter series SA 3100 instrument) as shown in Fig.
3.5. The standard samples (aluminium oxide) were run before each buckypaper 
isotherm (see section 3.6.1). 15 mg of the buckypaper had been out gassed at the 
temperature of 150 °C for 12 hr before performing an adsorption measurement.
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Figure 3.4 SEM images of buekypapers made from different times of sonication. The 
fibrous objects seen are bundles of carbon nanotubes. (A)-(B) 15 minutes of probe 
sonication (C)-(D) 40 minutes of probe sonication.
Fig. 3.5 clearly shows that the dominant pore sizes shift to smaller size with longer time 
of sonication. At 40 minutes of sonication (T= 40), the dominant peak in the distribution 
of pore sizes is around 9 nm -  approximately 3 lysozyme protein molecules across. 
The BET surface area is also a function of sonication time. It equals 89 and 53 m^/g, for 
T= 4 and T= 40 minutes, respectively. Somewhat surprisingly, the BET area goes down 
as the pore size goes down. Annealing at 600 °C (heating rate of 5 °C/min and holding 
at 600 °C for 90 min) under an argon atmosphere completely removed the TX-lOO thus 
making the surfaces somewhat hydrophobic (see Fig. 3.6(B)). It also made the pores 
smaller on average (Fig.3.5). After annealing, the dominant peak in the pore size 
distribution is 3 nm, and the BET surface area is 564 m^/g. Thus, for the buckypaper 
with TX-lOO, we have some control over both the pore size distribution and the 
hydrophilicity of the buckypaper, but we cannot control them independently.
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Figure 3.5 Pore size distributions of TX-lOO buckypaper made from different times of 
probe sonication (T). The dominant pore sizes shift to smaller sizes with longer time of 
probe sonication. Annealing at 600 °C removed TX-lOO, so the dominant pore size of 3 
nm is present, but the bigger pores remain to be observed.
SWNT buckypaper 
with Triton X-100 
(T= 40 min)
BET surface area 
(m"/g)±5
Dominant pore size 
(nm)
Contact angle of 
water droplet 
(degrees) ±5
Before annealing 53 8 A2 87
After annealing 564 3 ^0 114
Table 3.1 Comparison of the BET surface area, dominant pore size, and wetting ability 
of buckypaper before and after annealing at 600 °C.
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Substantial amounts o f TX-lOO remain to coat the SWNTs after rinsing by di-water. 
The remaining amount o f TX-lOO was confirmed by thermogravimetric analysis (TGA, 
from QA500 TA instruments) in air with the heating rate of 5 °C/min. In Fig. 3.7, there 
is a peak in the weight loss as function of temperature at around 270 °C due to loss of 
the TX-lOO, which is approximately 16 % TX-lOO by weight. The TGA of the annealed 
buckypaper shows in Fig. 3.8. Its contact angle in Fig. 3.6(B) show hydrophobic surface 
referring that there is no TX-lOO left on the buckypaper.
(A) (B)
Figure 3.6 Contact angle of di-water droplet (1 pi) on the TX-lOO buckypaper (T=40). 
(A) Before annealing, 87.6°. (B) After annealing at 600 °C, 114.5°.
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Figure 3.7 TGA of buckypaper (T=40 min) made from SWNTs (HiPco, CNI) and 
Triton X-100. The black line refers to weight change in percent with temperature and 
the red dotted line refers to the first derivative of the black line with respect to the 
temperature. A peak in derivative weight (red dot) at 270 °C is due to loss of the TX- 
100, showing that the buckypaer is approximately 16 % TX-100 by weight. A peak in 
derivative weight at 400 °C is due to the SWNTs.
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Figure 3.8 TGA of the annealed buckypaper made from SWNTs (HiPco, CNI) and 
Triton X-100. The black line refers to weight change in percent with temperature and 
the red dotted line refers to the first derivative of the black line with respect to the 
temperature. A peak in derivative weight at 400 °C is due to the SWNTs.
3.2.2. Transparent buckypaper
As the buekypapers made via the procedure in 3.2.1 are thick, it is difficult to observe a 
protein crystal on a middle part of the buckypaper. Therefore, the transparent 
buekypapers with the average thickness of 200 nm (also based on TX-100) were made. 
1 ml of TX-100 and SWNT suspension prepared with a probe sonication time of 40 
minutes as in section 3.2.1 was diluted with di-water up to 100 ml and then was 
sonicated with the probe sonicator at 28-30 Watts for 30 minutes and, then, with a bath 
sonicator for 1 hour. The suspension was filtered through a 0.22 pm filter membrane 
(nitrocellulose, Millipore) using a water pump. When the entire amount of suspension 
was passed through the filter, 500ml of di-water was then passed through it. The dried 
buckypaper was kept in the oven at 75 °C for 12 hr. To remove the buckypaper from the 
membrane, the filter membrane was dissolved in acetone several times. Each time it was 
immersed in 10 ml of acetone for 30 minutes, and then the acetone was replaced by 
another fresh one of 1 0  ml, to make sure that the membrane was completely removed. 
The thin buckypaper was attached to a cover glass as shown in Fig. 3.9. The 
buekypapers were used for study the crystal growth and prediction of nucléation, as 
shown in section 4.3.5.
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Figure 3.9 (A) Optical image of the transparent buckypaper based on TX-100 and (B) is 
the SEM image of the buckypaper
3.2.3 Water based: Gelatin buekypaper
As well as TX-100, gelatin was used as a dispersant for making a buckypaper, which 
was mainly used for growing protein crystals. To make gelatin buckypaper, 1 g of 
gelatin (Sigma, porcine skin, type A) was diluted with 40 ml o f di-water and then 
autoclaved at a temperature of 121 °C for 15 min at a pressure of 15 psi (lOOkPa). The 
autoclaved gelatin suspension was then centrifuged twice at 3000g, each time for 40 
minutes. 0.015g of SWNTs (HiPco from CNI) was diluted in the gelatin supernatant. 
The dispersion was sonicated at 50 Watts for 60 minutes by probe sonication. The 
sonicated dispersion was diluted with di-water up to 1 liter and sonicated with the bath 
sonicator for 1 hour (see Fig. 3.11(A)). The suspension was filtered through a 0.22 pm 
filter membrane (nitrocellulose, Millipore) under the water pump. When the entire 
amount of the suspension passed through the filter, the dried buckypaper was kept in an 
oven at 35 °C for 24 hr. The gelatin buckypaper was removed from the membrane by 
peeling, and was ready to use. Fig. 3.11(B) shows the contact angle of water on the 
buckypaper (89°). Fig. 3.11(C) and (D) show the surface features of gelatin buckypaper, 
obtained from AFM height imaging and SEM imaging, respectively.
To obtain the information about pore size distribution, a BET experiment is conducted 
with nitrogen adsorption (Coulter series SA 3100 instrument). The standard samples 
were run before and after each buckypaper isotherm (see section 3.6.1). 15 mg of the 
buckypaper had been out gassed at 35 °C for 12 hr and is then ready for an adsorption 
measurement. However, from the isotherm in Fig. 3.10(B) it appears that the gelatin
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buckypaper does not show the hysteresis, resulting from the capillary condensation in 
the pores as shown in the isotherm of TX-100 buckypaper in Fig. 3.10(A). It is close to 
a type III i s o t he r m^( s ee  Fig. 3.36), indicating that the nitrogen is only weakly 
attracted to the buckypaper surface, i.e., the adsorption volumes are 1 2  cm^/g for the 
gelatin buckypaper and 140 cm^/g for the TX-100 buckypaper (Fig. 3.10).
Judging from the differences between the before and after standard isotherms, the 
approximation of an isotherm accuracy is around 2  cm^/g in the volume adsorbed (Fads) 
for the isotherms of our samples of mass close to 0.2 g. Although the apparent Fads of 
gelatin buckypaper is actually higher for adsorption than for desorption, the difference 
is actually less than our estimate of the accuracy which we can measure Fads, 
approximately 2 cm^/g. Thus, in Fig. 3.10(B), if there is hysteresis, it is too small for us 
to measure.
Large amounts of gelatin remain to coat the SWNTs, which is confirmed by TGA in air 
with the heating rate of 5 °C/min, in Fig. 3.12. The gelatin buckypaper (gelatin-coated 
surfaces) with rough surface potentially induces the nucléation of lysozyme crystals, 
which is better than any nucleant we made (see chapter 4).
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Figure 3.10 Plots of the nitrogen phy si sorption isotherms for (A) TX-100 buckypaper 
and (B) gelatin buckypaper. Vads is a volume adsorption of the buckypaper as a function 
of the ratio of the sample pressure (?&) to the saturated vapour pressure o f nitrogen at 
the temperature of 77 K (Pq). The upward-pointing arrows indicate the adsorption 
isotherm, while the downward-pointing arrows indicate the desorption isotherm.
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Figure 3.11 Characterisation of the gelatin buckypaper. (A) Gelatin-SWNT suspension 
after 60 min of probe sonication. (B) Contact angle of water on gelatin buckypaper 
(89°). (C) AFM height image (tapping mode) of the surface of the buckypaper. (D) 
SEM image of the surface of the buckyapaper.
G elatin  b u c k y p ap e r
• - • Deriv. W eigh t (% /°C )of th e  b la ck  line 
Initial w e ig h t 1 .3 8 6 0 0  m g
110
100
m 50
100 200 3000 400 500 600
T e m p e ra tu re  (°C)
Figure 3.12 TGA of gelatin buckypaper. The black line refers to weight change in 
percent with temperature and the red dotted line refers to the first derivative of the black 
line with respect to the temperature. A peak in derivative weight (red dotted line) 
around 300 °C is due to loss of the gelatin, which is approximately 67 % by weight. A 
peak in derivative weight at 400 °C is due to the SWNTs (HiPco, CNI).
3.2.4 Gelatin solution and gelatin structure from spin coating technique
We know that gelatin buckypaper, which has a rough and presumably gelatin coated 
surface, induces the nucléation of lysozyme crystals. It is better than any other nucleant 
we made (see section 4.3.2). To have more understanding about the role of gelatin on 
lysozyme crystallisation, we used gelatin solutions as a nucleant. Gelatin solutions were 
prepared as in section 3.2.3. To characterise the gelatin in the solution we started with a 
0 .1 % gelatin suspension that was stirred by a magnetic stirring bar for 15 min at the 
temperature of 70 °C. Then, 1ml of the warm suspension was diluted with di-water up to 
1 liter. The 1 liter suspension was stirred by a magnetic stirring bar for a further 15 min 
at the temperature of 70 °C. Then, 10 pi of the suspension was dropped onto a cover 
glass (3-mm diameter. Agar Scientific), which was spun at 4,000 rpm. The topography 
was imaged with AFM (NT-MDT, tapping mode) as shown in Fig. 3.13. The height 
profile on Fig. 3.13(B) is a profile along the blue line in the height image on Fig. 
3.13(A). The heights of the features are approximately equal to the diameter of the 
collagen triple helix, 1.5 nm, and that their lateral extent is typically a few hundred
nanometres. [5]
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Figure 3.13 (A) AFM height image (tapping mode) of a surface that has been spin- 
coated with a gelatin solution. (B) The height profile of the blue line in (A).
3.2.5 Water based: Peptide nano-one buckypaper
The previous results on gelatin buckypaper show that protein dispersant seems to 
produce effective materials for protein crystallisation. However, we cannot vary pore 
size distribution and contact angle independently with gelatin buckypaper, and gelatin is 
complex which makes interpreting the data difficult. Moreover, the gelatin itself is a 
very good material for inducing lysozyme crystals (see discussion in chapter 4). The 
peptide buekypapers we made were based on the peptide nano-1 (Ac-(VEAFEKK) 
(VAAFESK) (VQAFEKK) (VEAFEHG)-C0NH2). To prepare one buckypaper sample, 
3 mg of the peptide was mixed with 15 mg of SWNTs (HiPco fi*om Unidym) and 
diluted up to 500 ml. Four different buekypapers were made; the suspensions o f which 
were sonicated at different times of probe sonication at 60 Watts: 30, 90, 150, and 200 
minutes. The suspension was then filtered through the 0.22 pm filter membrane 
(nitrocellulose, Millipore) by a rotary pump (1,425 rpm, Edwards). The dried 
buckypaper was kept in the oven at the temperature of 35 °C for 12 hr.
Fig. 3.14(A) shows an effect of probe sonication time on the peptide SWNT suspension. 
The suspensions get darker with longer time of sonication due to de-bundled nanotubes. 
However, it should be noted that big bundles o f the tubes remain as sediment at the 
bottom of vials even for 150 and 200 min of sonication. In addition, it should be noted 
that peptide nano-1 is less good at dispersing SWNTs than TX-100. Fig. 3.14(B) is a 
typical contact angle o f the buckypaper which offers hydrophilic surface with the 
averaged contact angle of 72°. Fig. 3.14(C)-3.14(E) represent SEM images o f the 
buckyapapers of 90, 150, 200 min of probe sonication, respectively. Large bundles of 
the tubes are clearly observed after 90 min of sonication (Fig. 3.14(C)), but less after 
200 min of sonication (Fig. 3.14(E)). Fig. 3.14(F) shows TGA data o f the peptide 
buckypaper. The first derivative of weight with respect to temperature (red dotted line) 
shows a peak due to loss of the peptide nano-1 at 275 °C, which is approximately 10 % 
by weight. The peak at 450 °C corresponds to loss of SWNTs (HiPco from Unidym).
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Figure 3.14 Characterisation of the buckypaper made with the peptide nano-1. (A) 
Photographs of peptide-SWNT suspensions from different times of probe sonication: 
90, 150, and 200 min. (B) Contact angle of the buckypaper (72°). (C), (D), and (E) SEM 
images of the buckyapapers of different times of probe sonication: 90, 150, 200 
minutes, respectively. (F) TGA of the peptide buckypaper. The black line refers to 
weight change in percent with temperature and the red dotted line refers to the first 
derivative of the black line with respect to the temperature. A peak in derivative weight 
(red dotted line) at 275 °C is due to loss of the peptide, which is approximately 10 % by 
weight. A peak in derivative weight (red dotted line) at 450 °C is due to loss of SWNTs 
(HiPco, Unidym).
91
1
0
E
_D
g
3C0
E
§c
T = 90 min 
T = 150 min 
T = 200 min
0 20 40 60 80 100 120 140 160 180 200 220
Wavelength (nm)
Figure 3.15 Pore size distributions of peptide nano-1 buckypaper from different times 
of probe sonication (T). The dominant pore size of each time of probe sonication is 
quite similar.
Pore size distributions of the peptide buekypapers are shown in Fig. 3.15. The standard 
sample was run before each sample (see section 3.6.1). The buekypaper (15 mg) was 
out gassed at the temperature of 35 °C for 12 hr and then is ready to do adsorption 
measurement. The time of sonication seems to be less useful to control the pore size of 
these buekypapers. The dominant pore sizes of T=90 min, T=150 min, and T=200 min 
are 15.47, 15.32, and 14.30 nm, respectively. However, there are some changes in the 
pore sizes of 30-50 nm, which the peaks of the pore sizes shift to smaller pore, and the 
adsorption in pore size of 60-160 nm is less for in the probe sonication of 200 min. The 
BET surface area is also a function of sonication time, e.g., 341.67 and 384.32 m^/g, for 
T= 90 and T=150 minutes, respectively. However, surprisingly, the BET surface area 
goes down a little for the longer time of sonication, i.e., for T=200 minutes, the surface 
area is 374.63 m^/g (Note that the error of the instrument is ± 5.8 m^/g).
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3.2.6 Non-water based: Chloroform buckypaper
The SWNTs synthesised via HiPco were obtained from Unidym. SWNTs were prepared 
in chloroform at a concentration of 0.01 mg/ml, i.e., 15mg of SWNTs in 1500 ml of 
chloroform. The prepared SWNTs were mixed with chloroform and sonicated by probe 
sonicator at 60 Watts for different times: 20 (T = 20 min.), 40 (T = 40 min.), 60 (T= 60 
min.), and 120 minutes (T = 120 min.). The suspensions of different times of probe 
sonication were filtered through the 0.22 pm filter membrane (nitrocellulose, Millipore) 
using a rotary pump (1425 rpm, Edwards). After the suspension was passed through, the 
dried buckypaper was kept in the oven at the temperature of 75 °C for 12 hr to 
completely remove chloroform.
Fig. 3.16 shows optical images of 0.01% SWNTs in chloroform. The phase separation 
can be observed when sonicated for 20 minutes, but not for 120 minutes. Moreover, at a 
short time of sonication, the nanotubes are not well dispersed, which reduces the 
absorbance of the suspension when doing UV-Visible spectroscopy, as shown in Fig. 
3.17 which shows a plot of the times of sonication of the SWNT suspension and the 
absorbance at 660 nm. The absorbance linearly increases up to time of 80 minutes and 
begins to saturate after 120 minutes. The increase in absorbance is due to debundling of 
the tubes, which results in more nanotubes in suspension and more light absorbed in the 
suspension. The bundle sizes affect the buekypaper formation during filtration and that 
affects the pore size distribution of the buckypaper as shown in Fig. 3.18.
T= ZOuiiimies T= 120iuuaues
Figure 3.16 Optical images of 0.01% SWNT in chloroform with different times of 
probe sonication (T): 20 and 120 minutes.
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Figure 3.17 Plot of the time of probe sonication of the SWNT suspension and the 
absorbance at 660 nm.
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Figure 3.18 Pore size distributions of chloroform buckypaper from different times of 
probe sonication (T). The dominant pore size shifts to smaller size when the time of 
sonication is longer.
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The pore size distribution and surface area are obtained from BET analysis (Coulter 
series SA 3100), which the standard samples were run before each buckypaper (see 
section 3.6.1). 15 mg of the buckypaper was out gassed at the temperature of 300 °C 
for 12 hr before performing an adsorption measurement. Fig. 3.18 shows the shift of 
dominant pore size to smaller size with longer time of sonication, which are 15.65, 
12.61, 4.03, and 3.87 nm for sonicating time of 20, 40, 60 and 120 minutes, 
respectively. The BET surface areas are also a function of sonication time, which are 
342.81, 374.55, 389.55, and 535 m^/g for the sonication time of 20, 40, 60 and 120 
minutes, respectively.
Fig. 3.19 shows the effect of sonication time on the wetting ability of the buckypaper. 
2 0  minutes of probe sonication offers a very hydrophobic surface with the contact angle 
of 150.3° compared to 120 minutes with the contact angle of 122.5°. The difference in 
surface wetting ability of the buckypaper may be from the surface roughness. The 
average of the root-mean-square (RMS) roughness, from the AFM height image (50 x 
50pm, tapping mode), shows that the roughness of the buckypaper from 20 minutes of 
probe sonication is 1,033 nm, which is three times higher than that of 120 minutes of 
probe sonication (378 nm).
(A) — — — —  (B)
Figure 3.19 Contact angle of buckypaper made from chloroform. (A) Probe sonicating 
of 20 minutes, 150.3°. (B) Probe sonicating of 120 minutes, 122.5°.
The height profiles on Fig. 3.20(B) and 3.20(D) are the profiles along the green lines in 
the height image on Fig. 3.20(A) and 3.20(C), respectively. The profiles show that the 
bundle size after 20 minutes of sonication, which is approximately 90-140 nm, is bigger 
than that after of 120 minutes of sonication, which is about 38-45 nm. The purity of the 
buckypaper has been confirmed by TGA data in Fig. 3.21, which shows the loss o f the 
SWNTs (HiPco, Unidym) at the temperature of 450 °C.
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Figure 3.20 AFM height images (tapping mode) and their height profiles along the 
green lines of chloroform buckypaper (A) and (B) after probe sonicating for 20 minutes; 
(C) and (D) after probe sonicating for 120 minutes.
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Figure 3.21 TGA of buckypaper made from SWNTs (HiPco, Unidym) and chloroform. 
The black line refers to weight change in percent with temperature and the red dotted 
line refers to the first derivative of the black line with respect to the temperature. A peak 
in derivative weight (red dotted line) at 450 °C is due to loss of SWNTs.
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3.3 Protein crystallisation setup: Vapour diffusion via hanging drop
Standard protein crystallisation methods are designed to allow simultaneous trials of 
many different crystallisation conditions, using only small amounts of the protein. With 
this aim, plates capable of holding multiple solution droplets, such as EasyXtal plates, 
are used.
3.3.1 Lysozyme solution and crystallising agents
Solutions of the protein lysozyme are made from lysozyme and crystallising agents 
(précipitants). Crystallising agents and temperature control the conditions for 
crystallisation. There are two parts to preparation: 1) preparing lysozyme solution, and 
2) preparing a stock solution of crystallising agents. The lysozyme used came from 
Sigma (L-6876), from chicken egg white. The prepared concentrations are 20 mg/ml 
and 60 mg/ml. The 20 mg/ml was a precursor for studying crystallisation on 
buckypaper. However, because this concentration is too low to be detected by Raman 
spectroscopy, we increased the lysozyme concentration to 60 mg/ml. For 60 mg/ml of 
lysozyme, 60 mg of the lysozyme powder was diluted in 1 ml o f di-water. The 20 
mg/ml was from a further dilution of 60 mg/ml. The solution must be stored at the 
temperature of 4 °C. The précipitants used as stock solutions include l.OM Sodium 
Acetate (NaAc) buffer, pH 4.5 and 12 vv4 % sodium chloride (NaCl); both were from 
Fisher Scientific.
The idea of a crystallisation trial is to adjust the protein solution to achieve a specified 
supersaturation by varying the concentration of precipitating agents or certain physical 
properties, such as pH and temperature (see section 2.6.5). Then, the trials are observed 
over days to see if  crystals form. The précipitants may be salts, organic solvents, or 
some kinds of polymers.
3.3.2 Vapour diffusion setup
The technique is often run in one of two simple ways: hanging drop (Fig. 3.22(A)) and 
sitting drop (Fig. 3.22(B)).^^’ Both techniques employ vapour difftision between a drop 
on the cover glass and a much larger reservoir solution. The drop containing the protein 
solution must start with a concentration of precipitant less than that o f the reservoir, 
traditionally half the concentration; such as 1 /// o f protein solution diluted with 1 jul
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reservoir solution. The equilibration continues via evaporation of water out of the 
droplet and into the reservoir. During the equilibration, the concentrations o f precipitant 
and protein in the drop increase. If the concentration passes the solubility o f proteins 
and reaches the nucléation zone, crystallisation occurs and then the concentration will 
spontaneously decrease to the crystal solubility (see section 2.6.1). However, if  the 
concentration passes the solubility, but does not reach the nucléation zone, 
crystallisation cannot occur. To crystallise in this condition, we need an external 
material, or a nucleant.
Cover slip
(A)
# — Vacuum g rea se-
500^  
reservoir solution
Deionized water + NaCI + pH Buffer
1 ^  of protein solution 
l ^ o f  reservoir solutio
(B)
HP
reservoir solution
Deionized water .  NaCI ♦ pH Buffer
Figure 3.22 (A) Diagram of hanging drop method. (B) Diagram of sitting drop method.
3.3.3 Preparation of nucleants
Tiny strips of buckypaper (-0.2 mm x 1 mm) in Fig. 3.23(A) were cut from a big piece 
of buckypaper (all types of buekypapers from section 3.2.1, 3.2.3, 3.2.5, and 3.2.6) by a 
sharp razor blade. The transparent buekypapers were made from the low concentration 
of the suspension as in section 3.2.2 and in Fig. 3.23(B).
T ransparen t 
"b u ck y p ap er
(A) (B)
1 mm
Figure 3.23 (A) Tiny strips of buckypaper (-0.2 mm x 1mm). The tiny pieces came 
from cutting a piece by blade (left comer). (B) a piece of transparent buckypaper stuck 
on the cover glass.
3.3.4 Growing lysozyme crystals
To prepare a 60 mg/ml solution of lysozyme, 180 mg of lysozyme powder from Sigma 
(L6876) was dissolved in 3 ml di-water. The solution was then centrifuged at 3000g for 
one hour and filtered through a 0.22 pm Millipore filter to remove impurities. The 20 
mg/ml solutions were then prepared by further dilution with di-water.
In the EasyXtal Tool (QIAGEN) plates (Fig. 3.24), each reservoir contained 500 pi o f a 
solution consisting of 0.1 M Sodium Acetate (Fisher) buffer at pH 4.5, and Sodium 
Chloride (Fisher) at various concentrations (see Fig. 3.24). For each trial, 1 pi protein 
solution was mixed with 1 pi of reservoir solution on a lid, which was then inverted and 
sealed over the reservoir. Nucleants were directly inserted into the droplets (Fig. 
3.25(A)).
The crystallisation trials with lysozyme (see results in Fig. 4.4) and the TX-100 
(unannealed and annealed) buckypaper, gelatin buckypaper, peptide buckypaper, and 
chloroform buckypaper were all done in the same way, as follows. Trials were 
performed at NaCI concentrations from 3% to 7%, in steps of 0.2% (Fig. 3.24). The 
experiments were observed for 2 weeks. In one experiment, 5 droplets were prepared at 
each salt concentration. O f these 5, 3 contained the buckypaper nucleant and 2 did not 
(control droplets). The time to nucleate in this experiment. Si, in the presence of the 
buckypaper was then taken be the average of the times that crystals were first observed 
in the 3 droplets -  rare instances where in one droplet either no nucléation occurred or it 
occurred very rapidly were not counted. The points in Fig. 4.4 are then the mean o f 5 
repeats of this experiment, i.e., the mean time is (Sj +S2 +S3 + S4 + S3 )/5, and the error 
bars are just the standard deviation o f this set of 5 numbers. The control drop curve is 
obtained in the same way from the results obtained in the 2  control droplets in one set of 
5 repeat experiments.
Crystallisation trials with gelatin solution (from section 3.2.4) as a nucleant were 
performed using the EasyXtal (QIAGEN) plates described above. As above each 
reservoir contained 500 pi of sodium acetate buffer at pH 4.5 and 3.6% NaCI. Five sets 
o f EasyXtal plates were set up, each set with three droplets: one was a control droplet 
and the other two were added gelatin solution (using gelatin solution instead of 
buckypaper). Each control droplet was prepared by mixing 2 pi of lysozyme (20 mg/ml)
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with 2 [il of 3.6% NaCI. These are metastable conditions (see Fig. 4.4). Each sample 
droplet was prepared in the same way as a control droplet, but with a 0.5 pi droplet of 
0.1% gelatin solution added. The experiments were observed for a week.
It should be noted that all crystallisation trials were performed using the vapour- 
diffusion hanging-drop method in EasyXtal Tool (QIAGEN) plates, except for the trials 
with transparent buekypaper. These trials used cover glasses, instead of the EasyXtal 
plate, and vacuum grease for sealing (see Fig. 3.25(B)).
0.2%
NaCI
0.4% 0.6% 0.8% 1.0% 1.2%
1.4% 1.6% 1.8% 2.0% 2.2% 2.4%
2.6% 2.8% 3.0% 3.2% 3.4% 3.6%
3.8% 4.0% 4.2% 4.4% 4.6% 4.8%
5.0%
NaCI
5.2% 5.4% 5.6% 5.8% 1.2%
6.0% 6.2% 1.8% 6.4% 6.6% 6.8%
7.0% 7.2% 7.4% 7.6% 7.8% 8.0%
sop |jl -  —  R eservoir
l.OM Sodium  A cetate buffer, pH 4.5 
varied  with different NaCI concen tra tions 
from 0.2, 0.4, 0.6..., to 8wt%
Figure 3.24 Experimental Setup for preparing 500 pi of précipitants. The object in the 
top right is an EasyXtal plate.
(A)
EasyXtal
Each drop contains 
1pl lysozyme 
and 1 pi reservoir
500 pi o f  
^^reservoir so lu tio n ^
Vacuum_ 
grease
Strip of 
buckypaper
(B)
Cover glass
Transparent buckypaper 
stuck on the glass
500 pi o f  
reservoir solution
Figure 3.25 Experimental setup for crystallisation: (A) by using the screw cap for a 
buckypaper strip and (B) by using the cover glass for transparent buekypaper.
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3.3.5 Crystallisation of other proteins
Below we present methodology for the crystallisation of proteins done by our 
collaborators at Imperial College, leading by Prof Naomi Chayen, using buckypaper 
prepared at Surrey. The details o f the protein crystallisation experiments are as follows.
Trypsin was crystallised from a 30 mg/ml protein solution containing 20 mM Tris pH
8.2. The reservoir solutions consisted of 0.1 M Tris buffer at pH 8.2 and Ammonium 
Sulphate. The concentration of Ammonium Sulphate ranged from 1.08 to 1.32 M. At 
least four identical experiments were performed for each condition, with and without 
buckypaper.
Human myosin-binding protein-C  MyBP-C was crystallised from a 10 mg/ml protein 
solution containing 50 mM NaCI and 20 mM Tris, pH 7.0. The reservoir solutions 
consisted of 0.1 M HEPES buffer at pH 7.3 and PEG of mean molecular weight 3350. 
The concentration of PEG 3350 ranged from 15% (w/v) to 20% (w/v) in steps of 1%. 
Six identical experiments were performed for each condition, with and without 
buckypaper.
Approximately 10 crystals grown on the buckypaper were X-rayed at beam line 10.1, 
SRS-Daresbury, using an Oxford Cryosystems cryojet at lOOK and a MAR 225 CCD 
detector.
Viral protein The viral protein was crystallised at 20 °C from a 12mg/ml protein solution 
containing 200 mM NaCI and 10 mM HEPES, pH 7.5. The reservoir solutions consisted 
of O.IM HEPES buffer at pH 7.5, 15% (v/v) isopropanol and PEG 3350. PEG 3350 
concentrations were 16%, 18% and 20% (w/v). Six identical experiments were 
performed for each condition, with and without buckypaper.
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3.4 Cell-growth substrates
The section is about how to prepare a thin sheet from carbon nanotubes (transparent 
buckypaper) and how to apply them for experiments on cell adhesion. Two types o f 
MWNT buckypaper were used for these studies: entangled buckypaper and aligned 
buekypapers. The first one was prepared in our lab at University o f Surrey, but the 
second one was supplied by our collaborators in the University o f Texas at Dallas, US. 
Chinese hamster ovary (CHO) cells and liver cells (Huh 7) were used in the 
experiments and their cell cultures are described in this section.
3.4.1 Characterisation of carbon nanotubes for cell growth
3.4.1.1 MWNT transparent buckypaper
The MWNTs synthesised via catalytic chemical vapour deposition (CVD) were 
obtained from Nanocyl (95% +C purity). The stock of MWNT suspension was prepared 
in chloroform as a concentration of 0.01 mg/ml, i.e., 5mg of SWNTs in 500 ml of 
chloroform. The MWNT suspension in chloroform was sonicated by a bath sonicator 
(Fisherbrand) for 10 to 100 minutes. The UV-Vis spectrometer (Camspec M350 Double 
Beam Spectrometer) was used to detect the absorbance at 660 nm every 10 minutes of 
the sonication as shown in Fig. 3.26(A). The absorbance is linearly proportional to the 
time of sonication until 100 minutes. Two types o f transparent buckypaper were made 
for the cell-growth substrates: rough surface and smooth surface buekypapers. The 
rough buckypaper was prepared from the suspension after 100 min of sonication (Fig. 
3.26(B)) and the smooth buckypaper was prepared from the previous suspension, but 
after four times of centrifuging at 25000g (1 hr per each time), each using half o f the 
supernatant from the previous centrifuging, as shown in Fig. 3.26(C).
3.4.1.2 Rough buckypaper and smooth buckypaper
Rough buckypaper: 2 ml of the stock of MWNT suspensions were further diluted with 
chloroform up to 100 ml. The suspension was re-sonicated in a bath sonicator for 10 
minutes and filtered through the filter membrane (nitrocellulose, Millipore) using a 
rotary pump (1,425 rpm, Edwards) as in the previous explanation (see 3.2.6). The 
buckypaper was kept in the oven at the temperature o f 75 °C for 12 hr. To remove the 
buckypaper from the membrane, the nylon membrane was dissolved in acetone by 
repeated washing. Each time, the membrane was immersed with 10 ml o f acetone for 30
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minutes and then the acetone was replaeed by another fresh one o f 1 0  ml, to make sure 
that the membrane was eompletely removed. The buckypaper, floating in the acetone, 
was attached to a cover glass. The buekypaper and glass were then annealed at 180 °C 
for 1 2  hr to get rid of any residue from chloroform and acetone.
0.01 mg/ml MWNTs in Chloroform
0.50-
0.40-
<r 0.35-
0 .2 0 -
(A)
I ' I ' I ' I ' I ' I ' I ' I
20 40 60 80 100 120 140 160 180
Time of bath sonication (min)
(B) (C)
Figure 3.26 (A) A plot of absorbance at 660 nm of MWNT suspension in chloroform as 
a function of different times of bath sonication. (B) Photograph of the suspension after 
100 minutes in bath sonication (no centrifugation). The suspension is used for making 
rough buekypaper. (C) Photograph of the suspension in (B), but after four times of 
centrifuging at 25000g, each using half of the supernatant, whieh is for making smooth 
buckypaper.
Smooth buckypaper: 400 ml of the stock suspension was centrifuged at 25000g for 
four times ( 1  hr per each time), each using half of the supernatant. 2 0  ml o f the ready 
suspension were filtered through the membrane and then the procedure is as in section 
3.4.1.1.
3.4.1.3 Aligned and crossed MWNT sheets, and MWNT threads
The aligned sheets were supplied by our collaborators at NanoTeeh Institute, University 
of Texas at Dallas, USA, by Chi L. Azad and Dr. Raquel Ovalle Robles in the group of 
Prof. Ray H. Baughman. The aligned sheets were drawn from a sidewall o f MWNT
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forests that were synthesised by catalytic chemical vapour deposition (CVD), using 
acetylene gas as the carbon s o u r c e .T h e  diameters of MWNTs are approximately 10 
nm, and the range of investigated forest heights is 70 to 300 pm. Draw was initiated 
using an adhesive strip to contact MWNTs teased from the forest s id e w a ll .M e te r -  
long sheets, up to 5 cm wide, were then made at 1 m/min by hand drawing. The density 
is approximately 2.7 mg/cm^. Fig. 3.27(A) shows aligned MWNT sheet on glass slide. 
Fig. 3.27(B) and 3.27(C) show cartoons o f crossed surface made from two aligned 
sheets of MWNT and MWNT threads, respectively. Their opposite ends were fixed by 
nail polish.
Bottom layer T hread
Nail
polish
Top layer
Cover glass jpolish
ir a
N T ’
Nail
Cover glass
(A) (B) (C)
Figure 3.27 (A) Photograph of MWNT-aligned sheet stuck on a glass slide. (B) Cartoon 
of crossed surface MWNT sheets. (C) Cartoon of MWNT threads on cover glass.
V ,,
Figure 3.28 Optical image of CHO cells on a cover glass after 20 hr.
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3.4.2. Experiment on cells
Below we briefly present the methodology for cell culture done by our group at 
University of Surrey, by Che Abdullah Che Azurahanim, using the prepared buckypaper 
as a cell scaffold. Two types o f cells were selected for the study: Chinese hamster 
Ovary (CHO) cells and liver cells (Huh7).
3.4.2.1 Chinese hamster ovary (CHO) cells
The CHO cell line was chosen due to its common use in biological and medical 
research. The cells were from European Collection o f Cell Cultures (ECACC, Cat No: 
85050302), having a population doubling time (PDT) 14-17 hours. The optical image of 
the CHO cells is shown in Fig. 3.28.
3.4.2.2 Alexa Fluor 488 Phalloidin
Alexa Fluor 488 Phalloidin (Molecular weight of 1.32 KDa) was purchased from 
Molecular Probe Invitrogen (Cat No: A12379). The dye is a mushroom toxin 
conjugated with green-fluorescent Alexa Fluor 488, which is for labelling and 
quantifying filamentous F-actin (a component of a cell’s cytoskeleton). The dye in a 
nanomolar concentration normally yields the required brightness and photo-stability 
with excitation and emission maxima of 495 and 518 nm, respectively.
3.4.2.3DRAQ 5
DRAQ5 (1, 5-bis {[2-(di-methylamino) ethyl] amino}-4, 8-dihydroxyanthracene-9, 10- 
dione) is a cell permeable, far-red fluorescent DNA dye, which was ordered from 
Biostatus Limited. It had a molecular weight of 412.54 Da. The dye can be used in live 
or fixed cells for nuclear staining with the excitation wavelengths of 488 to 647 nm and 
the emission wavelength of 665 nm to low infra-red.
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3.4.2.4 Cell Culture: Chinese hamster ovary (CHO) cells
Cells were cultured in tissue culture flasks (75ml) in a humidified atmosphere at 37 °C 
with 5%v/v CO2  and grown in growth media: F-12 Ham’s medium (Invitrogen) 
supplemented with 10%v/v fetal bovine serum (Gibco) and l%v/v of antibiotics 
solution (penicillin/streptomycin). To seed the cells on the samples, the culture flask of 
70% confluent CHO cells was trypsinized (incubating with 2.5% of trypsin-EDTA 
(Gibco) solution for 3-5 min), washed (with sterile phosphate buffered saline (PBS)), 
and suspended in fresh media (growth media). The samples were prepared in 6 -well 
polystyrene plates (from Nunc cell culture plates). Each of two wells contains cover 
glasses, smooth buckypapers, and aligned sheets. Each well contained 2 ml of the 
growth media and 1 ml of cell suspension. The cells on the nano-scaffolds were 
characterised 20 hr after seeding, using optical and confocal microscopy (Zeiss LSM 
510 META) and AFM (tapping mode, NTMDT). To obtain information from the AFM 
the cells were fixed with 4% of glutaraldehyde. The glutaraldehdye is gentle to the cell, 
so the cell is less damaged. This is good for studies of the topography o f the cell by 
AFM. To obtain information on an effect o f cytoskeleton organisation o f the cells on 
different scaffolds (aligned sheet, smooth buckypaper, and cover glass) from confocal 
microscopy, the cells and scaffolds were washed with PBS and fixed with 4% 
paraformaldehyde (which is quite harsh, compared to glutaraldehyde) in PBS for 20 
min. Then, the fixed samples were gently rinsed with PBS and permeabilised with 0.1% 
Triton X-100 (Sigma) in PBS for 5 min.
The samples were rinsed with PBS and stained with phalloidin (1:300 dilution) for 30 
min at room temperature and then dyed with DRAQ5 (5pM) for 1-5 minutes at room 
temperature. Finally, stained cells were mounted with a cover slip in mounting medium 
(Vectashield, Vector Laboratories, Inc., Burlingame, CA) and sealed with nail polish. 
Imaging of fixed multi-labelled samples was conducted by using Zeiss LSM 510 META 
laser scanning confocal microscope. For multiple stains, phalloidin (actin stain) was 
excited with the 488-nm argon laser. DRAQ5 (nuclear counterstain) was excited with 
543 nm and 633 nm (Helium-Neon) and the emission signals passed through the 505- 
530 nm and 649-799 nm filters respectively. All images were captured with two 
different magnifications (20, 40, and 60) and collected in multichannel mode.
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3.4.2.S Cell Culture: Liver Cell (Huh 7)
The human hepatoma cells (Huh 7) were provided by our collaborator in the Faculty of 
Health and Medical Sciences, University of Surrey, Dr. Nick Plant. The cells were 
cultured in tissue culture flasks (75ml) in a humidified atmosphere at 37 °C with 5% 
CO2  (by volume). The cells were grown in DMEM medium (Invitrogen) supplemented 
with 10% by volume fetal bovine serum (Gibco) and 1% (by volume) o f antibiotics 
solution (penicillin/streptomycin). Seeding on the samples is similar to the CHO cell 
(section 3.4.2.4).
The cells on the nano-scaffolds were characterised after 24 hr of seeding by optical and 
confocal microscopy and AFM (tapping mode, NT-MDT). The processes o f fixing and 
staining cells are similar to those used for the CHO cells (section 3.4.2.4).
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3.5 Characterisation of carbon nanotubes for actuator
The section is about how to prepare buckypaper and characterise it for experiments on 
actuating responsive sensors. Two types of SWNT buckypaper were used for the study: 
TX-lOO buckypaper and chloroform buckypaper (used with both 20 and 120 min of 
probe sonication). For actuating response, both types of the buckypaper were exposed to 
the vapour of bromine, ammonia, or hexane. In addition, Raman spectroscopy was used 
to investigate a shift in G-band and RBM due to an electron exchange between the 
carbon nanotube and the chemicals. For the experiment on electrical resistance, the TX- 
1 0 0  buckypaper was exposed to nitrogen dioxide and ammonia.
3.5.1 Buckypaper
Two types o f SWNT buckypapers were made for the experiment: TX-lOO (probe 
sonication time of 40 min) and chloroform buckypapers (probe sonication time of 20 
and 1 2 0  min).
3.5.1.1 TX-lOO buckypaper
The SWNTs (HiPco) were obtained from Unidym. To prepare 500 ml o f SWNT 
suspension, SWNTs and Triton X-100 (TX-lOO) were first prepared in the weight ratio 
of 1:10 (0.005 g o f SWNTs and 0.05 g of TX-lOO), respectively. The TX-lOO was 
diluted with 2 0 0  ml of di-water and was stirred by a magnetic stirring bar for 60 min at 
room temperature to make sure that the TX-lOO dissolved. The prepared SWNTs were 
then mixed with the TX-lOO solution and sonicated in a bath sonicator (Fisherbrand) for 
5 minutes. Then, the suspension was diluted with di-water up to 500 ml and sonicated 
by probe sonicator at 50 Watts for different times: 20 and 120 min.
The suspension was then ready to make a buckypaper by the filtration method using a 
rotary pump (1,425 rpm, Edwards). When the entire amount of suspension was passed 
through the filter membrane (nitrocellulose, Millipore), 500ml of deionised water was 
then followed to remove the more labile TX-lOO. The buckypaper was kept in the oven 
at the temperature of 75 °C for 12 hr to dry the sample.
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3.5.1.2 Chloroform buckypaper
The SWNTs (HiPco) were obtained from Unidym. The SWNTs were prepared in 
chloroform at a concentration of 0.01 mg/ml (5mg of SWNTs in 500 ml o f chloroform). 
The suspension was sonicated by probe sonicator at 50 Watts for different times: 20 
minutes (T = 20 min.) and 120 minutes (T = 120 min.). Two types o f filter membrane 
were used in the experiment: Nitrocellulose and Polyvinylidene fluoride (PVDF) filter 
membranes (both have a pore size o f 0.22 pm from Millipore). The buckypapers from 
the nitrocellulose filter membrane were used for BET analysis and the ones from PVDF 
filter membrane were used for exposure to the gases (Bri^NHg, or CgH^). The benefit of 
nitrocellulose membrane is that it is easy to peel the buckypaper off the membrane, 
which is difficult in the PVDF membrane. However, the nitrocellulose membrane 
cannot resist a harsh environment, such as in Bri or NH 3 , so it was replaced by PVDF 
filter membrane. The suspensions made with different times of probe sonication were 
filtered through the filter membranes under vacuum from a rotary pump (1425 rpm, 
Edwards). The dried buckypaper was kept in the oven at the temperature o f 80 °C for 24 
hr and was then ready for the next analysis.
3.5.2 Characterisation of buckypapers and experimental setup
3.5.2.1 BET analysis
To perform the analysis, the standard samples (aluminium oxide) were run before each 
buckypaper isotherm (see section 3.6.1). The buckypapers (13 to 15 mg, after peeling 
from the nitrocellulose membrane) were out gassed at the temperature o f 300 °C for 12 
hr before performing an adsorption measurement.
3.5.2.2 Raman spectroscopy
The Raman technique was used for examining the relationship between the exposure 
time of gas, the Raman shift, and the type of buckypaper. Raman spectra were from the 
NTEGRA Spectra Raman Spectrometer (NT-MDT). Two types of excitation 
wavelengths were used in the experiments: 472.8 and 633 nm. Raman spectra o f each 
scan were obtained from an exposure time o f 60 seconds at room temperature. Bri, NH 3 ,
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and CôH m were selected for the study due to their electron acceptor, electron donor, and 
neither effect, respectively. Each measurement used a 0.5 x 0.5 cm piece o f buckypaper, 
which was placed inside a cuvette (4.5 x 1 x 1 cm) (Fig. 3.29). Three types of 
buckypapers were examined in the experiment: TX-lOO buckypaper, chloroform 
buckypaper of sonication time T= 20, and chloroform buckypaper of T=120.
Buckypaper Outlet
PTFE tube (inner 
diameter of 1 cm)
Control
Valve
Vapour
Inlet of 3 ml of Bromine 
(or NH4OH)
0  Cuvette (4.5 x 1 xl cm) 
Laser light
50 ml flask
3 ml of Bromine
(or Ammonium hydroxide)
Figure 3.29 Setup during Raman measurements to obtain a relationship between the 
exposure time of the gas and the Raman shift.
To study the effect of electron acceptor gas on buckypaper of 120 min of probe 
sonication (T=120), 3 ml of bromine (Analytical reagent grade, Fisher Scientific) was 
injected into a 50 ml flask connected to a polytetrafluoroethylene (PTFE) tube (inner 
diameter of 1 cm and with length 18 cm from the control valve to the cuvette) while the 
control valve (see Fig. 3.29) was closed and kept for 5 min before measurement. The 
time of measurement when the valve is closed is called an initial time (T=0). T =l, 2, 
3... are the times of measurement after 1, 2, and 3 minutes after opening the valve, 
respectively. The measurements of TX-lOO buckypaper and buckypaper of T=20 are 
similar to the buckypaper of T=120. The effect of electron donor gas (NH3 ) on the 
buckypaper was conducted using the same processes as those of bromine, but using 
35% Ammonia Solution ((Ammonium hydroxide (35% w/v)). Analytical reagent grade, 
Fisher Scientific). The experiment setup for hexane (CôHh) is similar to that of 
ammonia. The hexane is an analytical reagent grade from Fisher Scientific.
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3.S.2.3 Actuator response setup
The buckypapers (made from a chloroform dispersion) with different times of probe 
sonication were selected for the study (T =20 and T=120 minutes). Both were stuck on 
the PVDF filter membrane. A 2.8 x 0.1 cm strip of buckypaper was cut by razor blade 
and attached to a cap of a vial (32 ml volume) by Blu-tack as show in Fig. 3.30. To 
observe the response on bromine (ammonia, or hexane), 1 ml of bromine (ammonia or 
hexane) was gently injected into the inlet hole as Fig 3.30. The experiments were 
performed at room temperature.
1 ml o f  Br2 
O utlet (o r N H s)
PVDF filter membrane 
Buckypaper
Figure 3.30 Setup for actuator behaviour o f buckypaper after exposure the gas.
3.5.2.4 Resistance measurement
Below we present the methodology for testing gas sensors of buckypaper done by our 
collaborators at Department of Physics, University of Surrey, Michael D Bowry, using 
buckypaper prepared from TX-lOO (in section 3.5.1.1) in our Lab at Surrey. The details 
of the experiments are given in the following section.
E lec tro d e  
G la ss  G old C o n ta ct L ayer
S ilver  
Q -  Paint"
PCB
2 cm
B u ck y p a p er
(A) (B)
Figure 3.31 SWNT-based chemical sensor with (A) main features labelled and (B) A 
photo of the sensor. Note that wires are attached to printed circuit board strips to enable 
resistance measurements.
I l l
3.S.2.5 Building the sensor
A 1 X 2 cm strip of the TX-lOO buckypaper (see section 3.5.1.1) was removed from the 
membrane and cut out by using a sharp scalpel and cutting template. Two gold electrical 
contacts (Thickness = 50 nm) were sputter-coated upon the surface of the buckypaper 
using an Emitech Turbo Sputter Coater (Model K575X). A 0.19 mm diameter electrode 
was bonded to each contact via a small drop of conducting silver paint (Agar Scientific 
Ltd.) as in Fig. 3.31. The opposite ends of the electrodes were soldered onto two thin 
strips of printed circuit board (PCB). The buckypaper and strips of PCB were fixed to a 
glass slide (Fig. 3.31(A)). To monitor the resistance of the buckypaper, wires were 
soldered onto the PCB contacts and connected to a data acquisition system (Fig. 
3.31(B)).
3.S.2.6 Testing instruments
Datalogger
PC
2-T Electircal 
C on n ection
Lab A c c e s s  Port S e n s o r
r
G as Outlet 
(exh au st)
G as C ylinders & 
C lean Air S u p p ly
P rob e C ham ber
G as Dilution  
S y stem
^  [ t ID
.............. 1
=+Gas Inlet
Figure 3.32 Experiment setup during exposure o f the gases using the Probe Chamber at 
NPL. Sensors tested inside the Probe Chamber were linked to a Datalogger / PC.
The testing was conducted at the National Physical Laboratory (NPL). Nitrogen dioxide 
(NO2 , electron acceptor) and ammonia (NH3 , electron donor), gases were used inside a 
sealed Probe Chamber at room temperature (Fig. 3.32). The gases entered the chamber 
and flowed over the sensor before exiting via an exhaust outlet. The concentration of
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gases supplied to the chamber during experiments was precisely controlled using an in- 
house gas-dilution system. A slight positive pressure (above atmospheric pressure) was 
maintained within the chamber. The gases (NO2  and NH 3 ) were supplied to the Probe 
Chamber at ppm (parts per million) concentrations from pre-prepared cylinders. Sensors 
were placed inside each chamber and an electrical feed through allowed them to be 
linked to a Fluke (Model 2635A) Datalogger, used to perform (and record) the 
resistance measurements to within ± 0.020. The resistance of the Buckypaper was 
measured using a simple ‘2-Terminal’ (2-T) method - A known voltage is applied 
across the sensor by the Datalogger and the current through the buckypaper (I) is 
measured. All data stored by the Datalogger was downloaded and processed via a link 
to a lab PC.
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3.6 Main techniques for characterisation
There are many techniques used for characterising the buckypaper, e.g., BET analysis, 
pore size distribution measurement, contact angle measurement, Raman spectroscopy, 
UV-Vis spectroscopy, TGA, and SEM. This section will give some ideas on how these 
things work and provide a brief theoretical background.
3.6.1 BET analysis and pore size analysis
The pore size distribution (3 to 200 nm) and BET surface area were analysed by the 
SA™ 3100 Surface Area and Pore Size Analyzer (Beckman Coulter, Inc.). To perform 
the analysis, the standard samples (aluminium oxide) were run before each buckypaper 
isotherm. Each analysis contains two steps: out-gassing and then measuring. Out- 
gassing is a process for removing moisture in the tube and sample. 15 mg o f the 
aluminium oxide was out gassed at the temperature of 300 °C for 12 hr. Measuring 
process is for obtaining the data: the free-spaee and the adsorption. Helium is used to 
measure the sample tube free-spaee for accurate data. Nitrogen gas and liquid nitrogen 
are essential for calculating an adsorption (surface area and pore size). The BET surface 
area of the standard sample is 153.68 ±5.8 m^/g. The buckypapers (13 to 15 mg, after 
peeling from the nitrocellulose membrane) were out gassed at a specific temperature 
depending on the sample type, e.g., 300 °C for chloroform buckypaper, 150 °C for TX- 
lOO buckypaper and 35 °C for gelatin and peptide nano-1 buckypaper, and then are 
ready to be measured. The pore size and pore volumes were calculated from the 
desorption branches o f the isotherm using the Barrett-Joyner-Halenda (BJH) method.
3.6.1.1 BET theory
The theory was created by Brunauer, Emmett, and Teller in 1938.^^^  ^ BET theory is for 
the physical adsorption of gas molecules on a flat solid surface and can be used to 
measure the specific surface area of a material. The theory is based on the Langmuir 
theory of monolayer molecular adsorption. It makes three assumptions: (a) gas 
molecules physically adsorb on a solid in layers one after another indefinitely, (b) each 
adsorption layer interacts only with the previous layer, and (c) the Langmuir theory can 
be applied to each layer. The BET equation is represented as below.
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Where, Vads is the volume of nitrogen adsorbed at a given P/Po, Vm is the volume of gas 
to give monolayer coverage, C is a constant related to the heat of adsorption (adsorption 
energy constant), P  is equilibrium pressure, and P q is saturation vapour pressure.
A linear relationship between P/[Vads (Po-P)] and P/Po, from the BET plot (see Fig 
3.33), is required for evaluating the monolayer volume of the nitrogen adsorbed (Vm). 
This linear part of the curve is generally between 0.05-0.30, e.g., between b and c in 
Fig. 3.33. The slope (a) and intercept (fi) are used to determine the quantity of Vm, 
which is for calculating the BET surface area. The monolayer volume (Vm) can be 
written as a function of slope and intercept of the BET plot as below.
1
Intercept(p) =
Slope + Intercept 
1 1
E C
or C =
V J
And, Slope(a) =
C -1
E C
Slope taken  betw een
adsorption
a
P/Po
Figure 3.33 BET plot. Slope is taken from b to c.
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3.6.1.3 The BET surface area (from nitrogen adsorption)
To calculate the BET surface by nitrogen adsorption, we assume the nitrogen molecules 
pack closely and regularly together like balls in a boxJ^^’ Gas adsorption may be 
described as gas condensation on to a sample under the experiment. Condensation 
occurs where a gas changes its state to be a liquid which is at a low temperature. Filling 
the first layer (Fig. 3.34(B)) enables the measurement of the surface area o f the material, 
because the amount o f gas adsorbed when the mono-layer is saturated (F^, as calculated 
in BET plot) is proportional to the entire surface area of the sample. We can find the 
total area as below.^^^^
'^Total
Where Sjotai is the total area, n is the number of gas molecules in monolayer, and A  is 
the cross-sectional area o f an adsorbate molecule.
We know that 1 mole of gas at STP occupies 22414 ml and 1 mole o f gas has 6  x 10^  ^
molecules (Avogadro’s number). The nitrogen molecule has an area o f A = 0.162 nm^ 
(in liquid nitrogen)
^  x ( 6 x l0 “ )x l .6 2 x l0 - '’
 ------------------------ = b e t  surface area {m^ ! g)
Sample mass (g)
Fig. 3.34 demonstrates four different systems when P/Pq is increasing from (A) to (D), 
and (E) is the adsorption-desorption isotherm. The positions at a, b, c, and d indicate the 
adsorption system at (A), (B), (C), and (D), respectively. When pressure increases, the 
gas condenses inside a pore and forms a monolayer until the monolayer is completed (at 
Fig. 3.34(B)). Then, the adsorption isotherm (Fig. 3.34(E)) is at position b, which 
indicates that monolayer coverage is completed and multilayer adsorption is beginning. 
When the pressure is further increased, double and multi layers are formed (Fig. 
3.34(C)) and the isotherm is at position c (Fig. 3.34(E)). The processes are continued 
until reaching capillary condensation where the pore is suddenly filled with liquid, the 
filled pores with the menisci between liquid and gas are shown in Fig. 3.34(D). 
Desorption begins when the pressure is decreased and the liquid begin to evaporate out 
of the pore as a gas (in the opposite way of adsorption).
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Figure 3.34 The figure demonstrates a porous medium at four different values of P/Pq. 
The pressure increases from (A) to (D). (E) The adsorption and desorption isotherm. As 
the pressure increases, the gas will condense inside a pore (adsorption). When the 
pressure decreases, the liquid will begin to evaporate out of the pore as a gas 
(desorption).
3.6.1.4 The Kelvin equation and the BJH model for pore size distribution: 
Adsorption
The Kelvin equation is used for determining the pore size distribution of a porous 
material using pore gas adsorption. The equation describes how a change in the vapour 
pressure leads to capillary condensation as shown in Fig. 3.34.
l n T =
Po R k R T
or
2 y v
R T \n {P IP , )
Where, Rk = the Kelvin radius,^ "^^  ^ y = liquid-gas surface tension, R = the universal gas 
constant, v = the molar volume, P = the equilibrium vapour pressure, P q = the saturated 
vapour pressure, T  = temperature. The Rk defined above is negative (P < P q) .  This 
indicates that the interface curves towards the vapour (vapour is on concave side of the 
interface). Below we will use a postive Rk defined by taking the absolute value o f the 
above equation.
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From the equation, when the temperature is fixed as a constant, the Kelvin radius only 
depends on the equilibrium vapour pressure (P). Without a monolayer adsorbing, then a 
cylindrical pore of radius Rpore fills when Rpore =Rk [cos(O)], in a tube with a contact 
angle of 6 .
The Barrett-Joyner-Halenda (BJH) method is used for calculating pore size 
distributions. The model is based on the assumptions that 1) the pores are all perfect 
cylinders, and 2) within the pores first a monolayer adsorbs.^^^  ^ The theory relates to 
capillary condensation in the pores using the Kelvin equation, which assumes that the 
liquid-vapour interface in a cylindrical pore is a hemispherical meniscus. To obtain 
adsorption data from these assumptions, a pore of radius Rpore fills with N 2  when the 
radius of the pore Rpore is equal to the sum of the Kelvin radius Rk and the thickness of 
monolayer. The pore radius can be calculated as below:^^" ’^^ ^^
Rpore = R - K + t
Where Rpore is the radius of the pore, Rk is the Kelvin radius, and t is the thickness of 
monolayer, which is calculated from HJ equation.
Harkins-Jura (HJ) equation is used for estimating the thickness of monolayer as a 
fimction of nitrogen relative pressure.^^^i
r(A ) = '"
0 .0 3 4 - lo g ( /? //? o )
Where t is the thickness o f adsorbed monolayer (in Angstrom unit)
3.6.1.5 Desorption BJH for pore volume and pore size distribution
As mentioned in section 3.6.1, in the SA™ 3100 Surface Area and Pore Size Analyzer 
(Beckman Coulter, Inc.), the pore size distributions were calculated from the desorption 
branches o f the isotherm using the Barrett-Joyner-Halenda (BJH) method. The 
technique is for estimating the volume and area of porous adsorbents available to 
molecules of various sizes.
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The desorption isotherm obtained experimentally is used for analysis, this isotherm is 
similar to adsorption, but in the opposite way. The method considers the isotherm as a 
series of steps as the pressure is lowered. When the relative pressure is lowered from 
(P /P o )i to (P/Po)2 (see Fig. 3.35), the desorption of a measurable volume o f adsorbed gas 
is AT/. The volume AT/ results from not only pores emptying o f their capillary 
condensate, but also a reduction in the thickness of the adsorbed layers by the amount 
Ati. Thus, when reducing the relative pressure, the relationship between the pore 
volume (Vf) and the observed volume after reducing the pressure (AT/) is as below:
Vp=RiAVi
Where Ri =[ r / fr u  +At] ) f
rp = the pore radius o f the first group of pore sizes, rki= the capillary radius o f the first 
group, Ati = a reduction in the thickness o f the adsorbed layer o f the first group. See 
Fig 3.35 for the capillary radius.
Further reduction of pressure is more complicated, i.e., from (P /P q)2 to (P /P o)3. The 
volume of the liquid desorbed is from both the second group o f pore sizes (the 
evaporation and thinning of the adsorbed film) and a second thinning of the adsorbed 
layer left from the first group of pore sizes (AEa? )^ (see Fig. 3.35).
Vp2 = Rÿ fAV2 - APa(2J
Ri =[ rp2/(rk2 +At2)f
AFa/ 2  = 7rhi[(rki +Atj +At2 f  -(ru +Atj f  ]
Vp2 = the pore volume of the second group of pore sizes, Vp2 = the pore radius o f the 
second group of pore sizes, Vk2^  the capillary radius of the second group, At2 = a 
reduction in the thickness of the adsorbed layer o f the second group.
For each group of pores, the capillary radius is calculated, as well as the change in 
thickness of the adsorbed film during each step of pressure reduction. The total pore 
volume and the surface area o f the pores can be easily calculated by adding the values 
calculated in each group of pores.
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Figure 3.35 Schematic demonstrating the desorption meehanism (bottom view of 
cylindrical pore) based on BJH method when the relative pressure is lowered from 
(P /P o)i to (P /Po)2, and (P/Po)], respectively. Three different pores demonstrate the 
thinning of the physically adsorbed layer (A/).^ ^^  ^ Note that the eapillary radius is 
defined as being the pore radius minus the (varying) thickness of the adsorbed layer. 
The pore radius is the physieal radius of the pore.
3.6.1.6 Adsorption and desorption isotherms
Adsorption occurs due to the presence of an intrinsie surface free energy. Once a 
material is presented to a gas, such as nitrogen, an attractive force (van der Waals) aets 
between the exposed surface of the material and the gas molecules. The adsorption is a 
physical adsorption, so it is called physisorption.'^^^’^ ^^ The physisorption oecurs at any 
environmental condition, e.g., pressure and temperature, but at very low temperature it 
is easily measurable. The surface area includes both the external surface and the internal 
surface of the pores. The adsorbed gas is ealled the adsorbate, which is nitrogen in the 
experiment, and the solid where adsorption takes place is known as the adsorbent, 
whieh is buekypaper in the experiment. The surface is filled as layer by layer depending 
on the available surface and the relative pressure until full (see Fig. 3.34). The 
adsorption is a reversible phenomenon beeause of the weak bonds between Nitrogen 
molecules and the surface, so the gas molecules can be released from the surfaee in a 
proeess called desorption.^^^^ The eomplete adsorption and desorption analysis is called
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an adsorption isotherm. There are six lUPAC standard adsorption i s o t h e r m s . E a c h  
isotherm system demonstrates different gas and solid interactions and solid structure. In 
Fig. 3.36, the type I isotherm is typical of microporous solids and chemisorption 
isotherms. Type II is shown by finely divided non-porous solids. Type III is typical of 
vapour adsorption (e.g., water vapour on hydrophobic materials). Type IV and V are in 
form of hysteresis loops generated by the capillary condensation of the gas molecules in 
the mesopores of the material. However, the type V isotherm is related to the type III in 
that the adsorbent-adsorbate interaction is weak. Finally, the rare type VI step-like 
isotherm is shown by the adsorption of krypton or argon on graphitised carbon blacks at 
liquid nitrogen temperature.
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I
<
1 0 1 0 1Relative p ressure Relative pressure Relative p ressu re
Figure 3.36 The six lUPAC standard adsorption isotherms.^^^^
3.6.1.7 Types of hysteresis with type IV isotherms
Buckypaper is a disordered material in which the pore size (space between the nano 
tubes) varies depending on the preparation methods. The isotherm for this sample is 
expected to be in the type IV isotherm and V isotherm categories. However, because of 
using nitrogen as the adsorbate, the isotherm used is the type IV. Type IV is can have 
four different types of hysteresis loop (Fig. 3.37). HI refers to mesoporous structures 
with narrow pore size distributions. H2 is found for mesoporous structures with wide 
pore side distributions. H3 is found for plate shaped particles and/or slit shaped pores.
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And, H4 is narrow slit shaped pores. Fig. 3.38 shows pore morphologies found in 
porous material.
Type IV : H2Type IV : HI
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Type IV : H3 Type IV : H4
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Figure 3.37 Types of hysteresis loop with type IV isotherms.^^^^
Closed pores Open pores
Blind pores Through pores
Ink bottle pore variety Interconnected pore
Right cylindrical pore variety 
Figure 3.38 Types of pore found in porous material.
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3.6.2 Raman spectroscopy
When light is scattered from a molecule, most photons undergo elastic scattering where 
the scattered photons have the same energy as the incident photons. However, a small 
fraction of light can lose or gain energy due to simultaneous vibrational excitation 
during the scattering, which is called inelastic scattering, or Raman scattering. The 
difference in energy between the incident photon and the Raman scattered photon is 
equal to the energy of vibration of the scattering molecule. This is used for spectral 
analysis. Raman scattering occurs when the incident photons cause some change in a 
molecule’s polarizability.^^^^ In classical terms, the interaction can be viewed as a 
perturbation of the electric field of the molecule. In quantum terms, the scattering is 
explained as an excitation of molecule into a virtual state, having lower energy than a 
real excited electronic state. After the excitation, the excited molecules return to the 
ground electronic state. Fig. 3.39 shows the virtual state of different types of scatterings 
and their bands. If the energy, or frequency, of the scattered light is equal to that of the 
incident light, it is Raleigh Scattering. However, if  the energy of the scattered light is 
slightly lower than that of the incident one, it is Stokes scattering (left hand side in Fig. 
3.39). If the energy of the scattered light is slightly higher than that of the incident one, 
it is Anti-Stokes scattering (right hand side in Fig. 3.39).
Energy
hvo
hv,vib
hV  scattered
hVr
hv,vib
hV  scattered
hv
hv,vib
Excited Electronic 
state
Virtual state
hvscattered
Vibrational levels
Ground Electronic 
State
Figure 3.39 The energy level description of scattering and their energy bands: h is the 
planck’s constant, Vo is the incident frequency, Vvib is frequency of the vibration causing
a change in polarizability, and Vscattered is the scattered frequency.
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The energy difference between the incident photons (hvo) and scattered photons 
(hvscattered IS numerically represented by Raman shift in the term of wave numbers, , 
(cm‘ )^ as the explanation belowJ^^^
Where, h is Planck’s constant, vo is incident frequency, and Vscattered is scattered 
frequency.
1 1 1
^vib ‘^ 0 ^scattered
Wave numbers, V', is equal to y  =
À.vib ^0 ^scattered
Xo and s^cattered are the wavelengths (in cm) o f the incident and Raman scattered photons, 
respectively. Raman spectroscopy is a powerful technique for characterising carbon 
nanotube samples. Carbon nanotubes yield high Raman intensities because of the 
enhancement of molecular polarizability from extensive electron delocalization over the 
surface of the t u b e s . T h e r e  are three important Raman spectral regions for single­
walled carbon nanotubes (see Fig. 3.40): the radial breathing mode (RBM), 150-400 cm' 
the disorder induced mode {D band), 1280-1400 cm'^; and the graphite-like plane 
mode (G-band), 1500-1605 cm'V^^'^^^
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Figure 3.40 Raman spectrum of buckypaper made from Single-walled carbon nanotube 
dispersed in chloroform. The excitation wavelength is 633 nm.
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3.6.2.1 The radial breathing mode (RBM)
The RBM modes correspond to lattice vibrations of carbon atoms in the radial direction. 
The RBM is used to determine the (n,m) indices because its frequency depends linearly 
on the reciprocal tube diameter as below.
1
^RBM^ ^
t^ube
Where is the RBM frequency and Dtube is the nanotube diameter.
Figure 3.41 Radial breathing modes (RBM) of a SWNT.^^^^
3.6.2.2 The disorder induced mode (D band)
The D band results from the conversion of hybridization from a sp^ hybridsed carbon to 
be a sp^ hybridised carbon. The mode involves the resonantly enhanced scattering o f an 
electron via phonon emission by a defect which breaks the fundamental symmetry of 
the graphene sheet. The peak intensity comes from sp  ^ atom such as those made by 
covalent bonds to the SWNT on the nanotube surface, so it cannot be affected by non- 
covalent adsorption on the SWNT, such as hydronium ion and surfactants.
3.6.2.3 The graphite-like in-plane mode (G-band)
The G band region lies between 1500-1605 cm"\ It is an intrinsic property o f carbon 
nanotubes, which is closely related to vibrations in all sp^ hybridization of carbon 
atoms. Its frequency can be used to distinguish between metallic and semiconducting 
SWNTs, and to probe charge transfer of functionalised S W N T s . T h e r e  are two main
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components of the G band: G^ and G'. The G^ feature is related to the vibration of 
carbon atoms along the nanotube axis (Fig.3.42). The G' feature is associated with 
vibrations of carbon atoms along the circumferential direction (Fig. 3.42). The 
frequency of G^ is sensitive to charge transfer. It will shift up when losing electrons, but 
shifts down when gaining electrons. In the metallic SWNTs, the G^ and G' features 
occur at 1587 cm'^ and 1550 cm"\ respectively, while the features of the 
semiconducting ones are at 1592 cm"^and 1570 cm \  respectively.
V
'  V w *
Circumferential direction Tangential direction
Figure 3.42 Two main components of the G band: G^ (tangential direction) and G" 
(circumferential direction) of the SWNT.^^^^
3.6.3 Atomic force microscope (AFM)
The AFM was from the NT-MDT company. The general idea on how AFM works is 
shown in Fig.3.43. All of the AFM images from the experiments were conducted via a 
semi-contact mode (tapping mode, tips: noncontact golden silicon cantilevers NGSIO, 
NT-MDT). The below explanation is only for the tapping mode, in which the cantilever 
can be oscillated up and down at near its resonant frequency (input signal) by a small 
piezoelectric ceramic at an AFM tip holder. When the tip comes close to a surface, the 
amplitude and phase of the oscillating cantilever may be changed due to physical and 
chemical properties o f the surface. Changes in the magnitude of amplitude damping, 
and in the amount of change in the phase angle (between the resonance frequency and 
the vibrational frequency) produce a height image and a phase image, respectively. 
Fig. 3.43(B) shows a scanning (tapping mode) on an inhomogeneous sample, which the 
blue part is harder than the green part. Generally, when the amplitude is fixed by the 
feedback unit, the contrast of the material is observed by measuring a phase change.
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Figure 3.43 (A) AFM diagram. (B) Phase angle of AFM from semi-eontaet mode 
(trapping mode).^ "^^ ^
3.6.4 Scanning electron microscope (SEM)
The SEM used in the experiments is a Hitaehi S4000. It is a high resolution mieroseope 
with a eold eathode field emission electron source (FESEM). The SEM also has a solid 
state backseattered electron detector for atomic contrast imaging.
The SEM image is obtained from secondary electrons on the surfaee of the scanned 
sample after bombarding the electrons from the electron gun. These electrons are 
captured by a detector and the information is analysed and converted to an image. 
Besides secondary electrons, there are Auger electrons, back-scattered electrons, 
eharaeteristie X-rays, and continuum X-rays (see Fig. 3.44).^^^’^^  ^ Such emission signals 
also contain much information, whieh can be detected by selected detectors. The Energy 
Dispersive X-ray analysis (EDX) is a technique that employs the characteristic X-ray 
for identifying the elemental composition of the material.
Characteristic Electron Beam
X-rays
Back-Scattered e
Continuum 
X-rays A ^  Auger e 
Secondary e
Sample
beam.P^'“ '
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3.6.5 Ultraviolet and visible (UV-Vis) absorption spectroscopy
UV-Vis absorption spectroscopy is the measurement of the attenuation of a beam of UV 
or visible light on passing through a sample. Different molecules absorb different 
wavelengths. Fig. 3.45 shows a beam of monochromatic radiation of incident intensity 
/o, passed through a sample solution, and the sample has transmitted intensity 7. Two 
important terms that are related to the ratio of Iq and I  are defined: Transmittance (T) 
and Absorbance (A). The transmittance (T) is the fraction o f incident radiation 
transmitted by the medium.
T = —
h
In ease of Absorbance, Beer's Law states that the absorbance is directly proportional to 
the path length, /, whieh is always presented in centimetre (cm), and the concentration, 
c, of the absorbing speeies.^^^  ^ If the concentration is expressed in gram per litre (g/1), 
the absorptivity is expresses as a constant a (g'*em‘ )^ and the absorbance is
A = acl
Typically, the concentration of solution is expressed in moles per litre (mol/1), then the 
absorptivity is called the molar absorptivity ' s \  Thus, the absorbance is
A = £cl
Absorbing solution 
of concentration c
0
I
Figure 3.45 A beam of monochromatic radiation of incident intensity { I q)  passes 
through a sample solution and has transmitted intensity of 7. An attenuation of the beam 
is from an absorption in solution.
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The absorbance (A) of a solution increases as an attenuation becomes greater, whieh 
infers that the absorption behaviour does not linearly depend on the ratio of the intensity 
of light before (lo) and after (I) the transmission. The absorbance can be written as 
function of transmittance (T) and intensity as below:
^  = log(^) = l o g y
3.6.6 Confocal fluorescence microscope and fluorophore
Confocal fluorescence microscopy is an optical imaging technique whieh employs a 
spatial pinhole, whieh offers several advantages, including controllable depth of field, 
the elimination of out-of-foeus light, and the ability to collect serial optical sections. 
Fluorescence microscopy employs a phenomenon that certain materials are able to 
absorb and emit detectable energy, e.g., visible l i ght .F luorescence  can be either from 
self-emission or from a fluorescent agent, ealled a fluorophore, e.g., fluorescein and 
DRAQ 5. When the light hits the labelled components, the fluorophore absorbs the 
radiated light and then emits light with longer wavelengths.
A typical use of fluorescent dyes in biological applications is to stain specimens in order 
to image a protein or other molecule of interest (see Fig. 3.46(A)). Fluorophores can 
only absorb light of a specific wavelength, whieh for the each fluorophore is unique, 
relying on the chemical and physieal structure of the fluorescence molecules. Normally, 
the emitted light (fluorescence) slightly shifts to longer wavelength from an excitation 
wavelength, or red shift, i.e., blue light is absorbed, green light will be consequently 
emitted (see Fig. 3.46(A) and 3.46(B)).^^^^
50 pm(A) (B)
Figure 3.46 (A) a simple diagram shows how the fluorescence confocal microscope 
works. Blue light (blue arrow) radiates on fluorophores (yellow circles) attached to a 
molecule that binds to part of a cell, e.g., aetin filaments. After the absorption, the 
fluolophores immediately emit green light (green arrow). (B) Confocal fluorescence 
image of CFtO cells after dyeing by Phalloidin.
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Chapter 4
Carbon-nanotube-based materials for protein crystallisation
In this chapter, the use of carbon nanotube assemblies (or buckypapers) as nucleants for 
growing protein crystals is described. There are four main sections in this chapter: 
introduction, materials and methods, results and discussion, and conclusion. The result 
and discussion section shows how effective the buckypaper is for crystallisation. It 
includes how crystallisation depends on position in the phase diagram; protein 
crystallisation trials with lysozyme and other difficult-to-crystallise proteins; adsorption 
of lysozyme on to the buckypaper; crystal growth; prediction o f nucléation time on 
transparent buckypaper; and comparison of crystallisation on different buckypapers.
4.1 Introduction
One of the most important problems in the study of protein solutions is their 
crystallisa tion .P ro tein  crystals are needed for protein structure determination via X- 
ray crystallography, but many proteins are hard or impossible to crystallise into large 
high-quality crystals.^^’^  ^Crystallisation is a first-order phase transition, and so proceeds 
via nucléation, an activated process, and g r o w t h . I n  earlier work, Chayen and 
coworkers used two types of media with nanoscale pores as nucleants: etched silicon^ "^  ^
and bioglass. In both cases, the surfaces are composed o f pores typically a few 
nanometers across and each pore has a different size and shape. They found that 
bioglass induced crystallisation of the largest number of proteins ever crystallised using 
a single nucleant.^^^ However, the pore sizes and surface chemistry o f this particular 
medium are not easily controlled.
In addition, Balavoine et used MWNT as a nucleant for inducing helical
crystallisation (2D) of protein molecules, such as streptavidin. The tube diameter (e.g., 2 
to 30 nm) was reported to be an essential factor for the organisation because protein 
preferred tubes of a suitable diameter for helical self-organisation. For example, 
streptavidin molecules formed helical organisation on MWNT with a diameter o f 16
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lun. However, the quality of this helical formation was too low to obtain structural 
information and the formation was poorly reproducible.
Thus, a film of entangled carbon nanotubes, called buckypaper, with a surface with 
pores whose size and surface chemistry could be controlled may become a potential 
nucleant for protein crystallisation. Experiment showed that buckypaper induces the 
nucléation of the protein lysozyme. Buckypaper has the advantage that its pore size 
distribution can be easily controlled, and the tubes can be chemically functionalised. 
Because of this controllability, quantitative experiments were set to determine how 
effective the buckypaper is at inducing crystallisation, as a function of location in the 
lysozyme solution phase diagram. Furthermore, the growth kinetics of the resulting 
lysozyme crystals (tetragonal crystals) were also investigated. These results will help to 
lead to a quantitative understanding of protein crystallisation via heterogeneous 
nucléation on porous media, which can be transferred over to the crystallisation of 
medically important proteins. Lysozyme has been crystallised many times, but many 
medically important proteins have never been crystallised.
Finally, by varying the sonication time of the carbon nanotube suspensions, the pore 
sizes of the buckypaper can be designed. BET analysis, contact angle measurement, 
Raman spectroscopy, UV-Vis spectroscopy, TGA, and SEM were used to characterise 
the buckypapers. Quantitative results on protein crystallisation are given in the 
following section.
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4.2 Experimental methods
4.2.1. Characterisation of buckypaper
The buckypapers were prepared in section 3.1 and characterised in section 3.2.
4.2.2. Protein crystallisation trials: Lysozyme protein
4.2.2.1 Nucleant preparation for crystallisation trial 
TX-100 buckypaper, see section 3.2.1,
Gelatin bukcypaper, see section 3.2.3 
Gelatin solution, see section 3.2.4
4.2.2.2 Crystallisation of lysozyme protein, see section 3.3.4
4.2.3. Protein crystallisation trials: More difficult-to-crystallise proteins
4.2.3.1 Nucleant preparation for crystallisation trial 
TX-lOO buckypaper, see section 3.2.1 
Gelatin bukcypaper, see section 3.2.3
4.2.3.2 Crystallisation of protein that is difficult to crystallise, see section 3.3.5
4.2.4 Crystal growth and nucléation time prediction
4.2.4.1 Nucleant preparation for crystallisation trial:
Transparent buckypaper, see section 3.2.2
Crystallisation method, see section 3.3.4 (using 5% and 6 %NaCl)
4.2.5 Adsoption of lysozyme protein on the buckypaper
TX-lOO buckypaper in section 3.2.1 and Raman spectroscopy
4.2.5 Protein crystallisation trials on lysozyme protein: Comparison the pore size 
and wetting ability of different buckypapers
Peptide nano-1 buckypaper, see section 3.2.5
Chloroform buckypaper, see section 3.2.6
Crystallisation method, see section 3.3.4 (using only 5%NaCl)
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4.3 Results and discussion
4.3.1 The phase diagram: Homogeneous-heterogeneous nucléation based on TX- 
lOO buckypaper
The nucleant used is based on a TX-lOO buckypaper. The pores o f this buckypaper will 
accelerate the nucléation of the protein by lowering the nucléation barrier, as discussed 
in section 2.6.2 and 2.6.3. This trial is to demonstrate how the TX-lOO buckypaper 
accelerates the crystallisation of lysozyme protein at different locations on the lysozyme 
solution phase diagram in comparison with the control sample (no buckypaper). We 
found that a convenient form of the buckypaper for crystallisation trials is in small 
rectangular strips o f -0 .2  mm x 1 mm. They were simply obtained using a sharp razor 
blade as shown in section 3.3.3. The data of Fig. 4.1 were obtained with such strips. The 
TX-lOO buckypaper (probe sonication time o f 40 min, see section 3.2.1) were inserted 
into protein solution droplets, containing Ip l of 2 0  mg/ml of lysozyme protein and 1 pi 
from the reservoir (see Fig. 3.25) at room temperature. The reservoirs all have pH at 
4.5, but different reservoirs have different salt concentrations. By varying the salt 
concentration (%NaCl), we move relative position in the phase diagram of the lysozyme 
solution. This allows us to control the crystallisation as shown in Fig. 4.1. The control 
drops (without buckypaper) are indicated by the number ‘2 ’ on the right bottom comer 
of the photos and sample drops with buckypaper are indicated by the number ‘1’. The 
main points are:
(1) If the protein solution is undersaturated, crystallisation cannot occur either in the 
sample droplet or the control droplet, as shown in Fig. 4.1 (A l) and (A2), respectively. 
Buckypaper or any other nucleant cannot perform their function in this region.
(2) If the protein solution is in the metastable zone (low supersaturation), crystallisation 
does not occur in the control droplet. However, because of the buckypaper, 
crystallisation occurs in the sample drop (see Fig. 4.1 (B l) and (B2)). The function of 
buckypaper is to lower the free energy barrier of nucléation (see section 2.6.3). The 
metastable zone of 2 0  mg/ml lysozyme solution is approximately between the salt 
concentrations of 3.5wt% and 4.8wt%, as shown in Fig 4.4(A).
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(3) If the protein solution is in the nucléation zone (intermediate supsaturation), 
crystallisation occurs spontaneously in both the control drop and the sample drop. 
However, we observe that a crystal in the sample droplet is observed before that of the 
control droplet, see Fig 4.1(C). Immersing a piece of buckypaper in the sample droplet 
may reduce the time for nucléation (see section 4.3.5).
4. For crystallisation at very high supersaturations (close to the precipitation zone), see 
Fig. 4.1 (D), the crystals obtained from both the control droplet and the sample droplet 
are needle-like in shape and occur rapidly (in less than 1 2  hr).
\  Supersaturation Precipitation
% NaCl
(A)
Nudeation  
zone
Undersaturation
'— f e
» SS
Figure 4.1 Protein crystallisation of the sample droplets (with buckypaper, number ‘1’) 
and of the control droplets (without buckypaper, number ‘2 ’) in different regions on the 
phase diagram. (A) The undersaturation region (3.4% NaCl). (B) The low 
supersaturation (metastable) zone (4.4% NaCl). (C) The intermediate supersaturation 
(nudeation) zone (5.4% NaCl). (D) High supersaturation (precipitation) zone (7.0%). 
The scale bar is 120 pm (for more details see text).
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4.3.2 Protein crystallisation trials: Lysozyme protein
We aim to find the best nucleant for inducing lysozyme crystallisation by evaluating the 
lowest salt concentration that such a nucleant can induce, and then comparing one 
nucleant to another and to a control. The nucleants used are buckypapers with different 
chemical and physical properties and with pores (spacing between the nanotubes) that 
accelerate nudeation. The buckypapers used in this section are TX-lOO buckypaper, 
TX-lOO buckypaper after annealing at 600 °C, and gelatin buckypaper.
The TX-lOO biickypapers were prepared as described in section 3.2.1 in chapter 3. The 
two buckypapers made with TX-lOO (not annealed and annealed) are different in their 
pore size distribution, surface area, and surface wetting ability (see Fig. 4.2). The 
surface area o f the after-annealed ones (564 m^/g) is ten times higher than that o f one 
made without annealing (53 m^/g). Annealing at 600 °C removes the TX-lOO, as shown 
in the TGA results in Fig. 3.7 and Fig. 3.8. Removing TX-lOO also affects the wetting 
ability of the buckypaper. The buckypaper becomes more hydrophobic after annealing. 
The contact angles of water droplets before and after annealing are 87° and 115°, 
respectively (see Fig. 4.2(E) and 4.2(F)). SEM images also show the difference in 
surface features. After annealing the TX-lOO (see Fig. 4.2 (B)) was removed as shown 
in Fig. 4.2(C). Moreover, annealing affects the pore size distribution (space between 
nanotubes). Before annealing, the dominant peak in the pore size distribution is around 
9 nm, but it is 3 nm after annealing, as shown in Fig. 4.2(A).
As well as TX-lOO, gelatin was used as a protein dispersant for making buckypaper. 
The gelatin buckypaper was prepared as described in section 3.2.3. However, there is no 
information about the pore size distribution o f the gelatin buckypaper in the BET 
analysis. Its isotherm does not show a hysteresis loop (see Fig. 3.10(B)) that comes 
from capillary condensation in the pores, as we see in the isotherm of TX-lOO 
buckypaper (see Fig. 3.10(A)). It is close to a type III isotherm,^^^ indicating that the 
nitrogen is only weakly attracted to the buckypaper surface. Large amounts o f gelain 
coat the SWNTs, as we saw by TGA in Fig. 3.12. Gelatin buckypaper potentially 
induces the nudeation o f lysozyme crystals. Nudeation may occur due to the rough 
surface o f the buckypaper seen in Fig. 4.2(D). The rough surface is also seen in the 
AFM height image, height profile, and phase images Fig. 4.3.
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The grooves in the height profile (see Fig 4.3(B)) may cause nudeation in this case.^ *^  ^
The surface wetting ability of the gelatin buckypaper is shown to be slightly 
hydrophilic, with a contact angle of 89°, as shown in Fig. 4.2(C). This is similar to the 
TX-lOO buckypaper, which has a contact angle of 87°.
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Figure 4.2 Characterisation of different buckypapers used as nucleants. (A) Pore size 
distribution of the TX-lOO buckypaper, before and after annealing at 600 °C under an 
argon atmosphere. (B) SEM image of TX-lOO buckypaper (not annealed). (C) SEM 
image of annealed TX-lOO buckypaper. (D) SEM image of gelatin buckypaper. The 
wetting ability of the surface is accessed from the contact angle of a water droplet on 
the buckypaper. (E) Droplet on TX-lOO buckypaper (not annealed) with a contact angle 
of 87°. (F) Annealed TX-lOO buckypaper with a contact angle of 115°. (G) Gelatin 
buckypaper with a contact angle of 89°.
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Figure 4.3 (A) AFM height image (tapping mode) of gelatin buckypaper. (B) Its height 
profile along the blue line of (A). (C) Phase image of (A).
^ 140-, 
X
o  1 2 0 -  
w
■§ 100 ^
(A
(A
80 -
5
W 60 4
c  u 
n 
c oJC
0)
Ê
I-
4 0 -
2 0 -
— • — No buckypaper (control drop)
— • —Annealed TX-lOO buckypaper
— —Unannealed TX-lOO buckypaper
— » — Gelatin buckypaper
■nr-
3.5
(A)
I ' I ' I ' I ' I ' I
4.0 4.5 5.0 5.5 6.0 6.5
% NaCl
I
7.0
I
7.5
(B) (C)
Figure 4.4 (A) Plot of the time at which a lysozyme crystal is first observed, as a 
function of the NaCl concentration. Crystals are 5-10 jum in width when they are large 
enough to be first observed. The lysozyme solution concentration was 20 mg/ml. The 
buffer was O.IM sodium acetate at pH 4.5. Each point is the average of five 
crystallisation experiments; error bars are the standard deviations. (B) Lysozyme 
crystals on the gelatin buckypaper, at 20 mg/mL in 3.6% NaCl. (C) Lysozyme crystals, 
also at 20 mg/ml, in 3.6% NaCl, with a droplet o f 0.1% gelatin solution added.
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Fig. 4.4(A) presents quantitative results for the effect o f a nucleant on the time to 
crystallise of a lysozyme protein. The time until the first (5-10 y«m in width) crystal is 
visible is plotted as a function of the salt concentration. The crystallisation conditions 
and protocols are described in section 3.3. The solubility o f lysozyme decreases as the 
salt concentration increasesy^’ so at fixed lysozyme concentration, increasing salt 
concentrations correspond to increasing supersaturations. At 25 °C, tetragonal crystals 
coexist with a solution of approximately 20 mg/mL in the presence o f 2% NaCl^^^ ;^ thus, 
all of the salt concentrations at which we find nudeation are quite deep into the 
supersaturated regime. For example, at 4% NaCl, the solution at coexistence has a 
concentration near 5 mg/mL.^^®  ^Crystallisation is observed at NaCl concentrations down 
to 3.6% for the gelatin buckypaper and down to 4.4% for the TX-lOO buckypaper. Both 
are lower than the 4.8% salt concentration, which is the lowest at which we find 
crystallisation in our control experiments, without the buckypaper nucleant. Thus, we 
conclude that our buckypaper nucleants can induce crystallisation at low 
supersaturations, where no nudeation would occur in their absence. In addition, the 
buckypaper produced with gelatin is significantly more effective than that with the 
surfactant TX-lOO. At conditions such that nudeation occurs both with and without a 
nucleant (similar to the nudeation zone in the phase diagram), the time to observe a (5- 
10 fim) crystal was almost the same with and without a nucleant. This suggests that 
when nudeation occurs, it is quite rapid. The time to observe a crystal is largely 
determined by the time taken for it to grow large enough to be visible. This time is not 
expected to be changed by the presenee of nucleants, which is what we observe. The 
growth rate of lysozyme crystals is known to decrease rapidly with decreasing 
supersaturation.Interestingly , Fermani et found that their nucleant (also based 
on gelatin) not only induced nudeation but greatly reduced the time taken to observe a 
crystal. We do not know why we find different behaviour, but we do note that they used 
a different protein, concanavalin A, and so it is possible that the difference may be due 
to the different proteins.
The TX-lOO and particularly the gelatin buckypapers are effective nucleants; i.e., they 
induce crystallisation in metastable protein solutions. The ideal conditions for the 
growth of a well-ordered crystal are often at supersaturations that are too low to give 
rise to crystal nudeation. Such conditions are known as metastable, defined as those at 
which the drop will remain clear indefinitely if  no nucleant, seed crystals, or other
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nucleation-enhancing procedure is applied. Thus, our nucleants can be used to produce 
crystals at low supersaturations, allowing more ordered crystals to be formed.
Annealing TX-lOO buckypaper to remove the surfactant produced a buckypaper that is 
significantly more hydrophobic and has smaller pores; see Fig. 4.2(A). This buckypaper 
was ineffective as a nucleant; adding it to the crystallisation droplet did not reduce the 
minimum supersaturation at which crystallisation occurred. Because both the surface 
areas and the pore sizes are changed by annealing, we cannot tell which one has the 
dominant effect in altering the lysozyme nudeation. It will require further systematic 
study to determine whether the ineffectiveness is the result o f the change in the 
hydrophilicity of the surfaces of the pores or o f the change in the mean pore size.
We also studied as nucleants both smooth surfaces coated (on cover glass-no nanotubes) 
with gelatin, and gelatin in solution, in order to compare their effectiveness as nucleants 
to gelatin-coated buckypaper. The trials were conducted at the lowest NaCl 
concentration that gave crystals with the gelatin buckypaper (3.6%). The gelatin-coated 
surfaces induced nudeation at low salt concentrations, as the gelatin buckypaper does; 
however, we found them to be difficult to use. The gelatin-coated surfaces were 
hydrophilic, causing the droplets to spread out, which is undesirable. Also, a large and 
uncontrolled number of crystals appeared. We therefore abandoned studies o f these 
systems. We also tried mixing a dilute (0.1%) gelatin solution directly with the 
lysozyme and salt solution; see Fig. 4.4(C) for the results. See the Materials and 
Methods in section 3.2.4 and 3.3 for details of these experiments. Here too, we found 
many small crystals at metastable conditions: the control droplets remained clear.
The gelatin buckypaper is therefore more eonvenient to use and provides much greater 
control: it is more stable, i.e., does not have to be kept in a fridge, and by simply 
varying the size of the strip, we could obtain the desired few, large crystals (compare 
Fig. 4.4(B) and 4.4(C), which shows the small crystals obtained with the gelatin 
solution). Many small crystals are not useful for structure determination via X-ray 
diffraction so for this purpose our more controllable gelatin buckypaper is better than 
the gelatin solution. However, gelatin solutions may still be useful for screening for 
conditions under which crystallisation occurs, and if a solid nucleant is undesirable for 
some reason, then gelatin solutions may then be very useful. Fermani et have also
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studied gelatin-based nucleants for protein erystallisation. They studied the protein 
coneanavalin A, and they found that their gelatin films were highly effective nueleants.
4.3.3 Protein crystallisation trials: Difficult-to-crystallise proteins
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Figure 4.5 Optical images of crystals growing from a TX-lOO buckypaper (T= 40) 
nucleant at metastable conditions. (A) Cl domain of MyBP-C. (B) NSP9. (C) Trypsin 
crystals on gelatin buckypaper; 30 mg/ml trypsin, 1.16 M ammonium sulfate, and 100 
mM Tris at pH 8.2.
Lysozyme crystallises easily; therefore, we studied the erystallisation o f proteins that 
are more difficult to crystallise, although here we were not able to obtain quantitative 
data on the erystallisation times. We worked with trypsin (from bovine pancreas, 
Sigma), the Cl domain of MyBP-C (supplied by Dr. C. Redwood of Oxford 
University), and viral nonstruetural protein 9 (NSP9). Trypsin is a protease, i.e., a 
protein enzyme that breaks down other proteins, that is widely used in biotechnology. 
MyBP-C and NSP9 are both proteins relevant to human health, to cardiac disease and 
viral infection, respectively.
The erystallisation conditions are described in section 3.3.5. MyBP-C and NSP9, 
because of their scarce supply, were not tested with the gelatin buckypaper. MyBP-C 
was crystallised on an earlier TX-lOO-based buckypaper, which was used as pieces not 
strips. Trypsin crystallises spontaneously at concentrations of 1.24 M ammonium 
sulfate and above. At 1.20 M ammonium sulfate, crystals grew on the gelatin 
buckypaper within 3 days, whereas controls as well as drops with the TX-lOO 
buckypaper remained clear for 9 days, after which crystals started appearing. At 1.16 M
143
ammonium sulfate, crystals only grew on the strips o f gelatin buckypaper, with all 
controls and TX-lOO trials remaining clear. See Fig. 4.5(C) for a crystal of trypsin that 
has grown from our gelatin buckypaper. MyBP-C (Fig. 4.5(A)) is a much rarer and 
more difficult-to-crystallise protein. However, we were able to determine that 20% 
PEG- 3350 corresponded to a labile condition where all experiments including the 
controls resulted in clusters of rod-like crystals. 18% PEG-3350 corresponded to 
metastable conditions. There, all controls remained clear, whereas all experiments with 
the buckypaper resulted in crystals with various morphologies; see Fig. 4.6(A) for an 
example. Drops with 16% PEG-3350 remained clear. Before development of the 
nucleant, hundreds of MyBP-C crystals were grown in clusters by conventional 
methods and X-rayed. The best resolution obtained from those crystals was 3.0 Â. By 
contrast, the best crystals grown on the TX-lOO buckypaper diffracted to a resolution of
1.6 Â, almost twice as high. It is interesting to note that in one o f these drops, 
containing six crystals, only one o f the crystals was attached to the nucleant and was the 
crystal that diffracted to the highest resolution. The other crystals in that drop diffracted 
with a resolution in the range 2-2.2 Â. Other drops (six repeats) with nucleants present 
showed that in some drops the crystals were attached to the nueleant with no other 
crystals formed away from it, and in other drops some crystals were attached to the 
nucleant and others were further away from it, but in all cases, the crystals in the drops 
containing nucleant were single, i.e., not in clusters. All of the crystals belong to space 
group 141 with unit cell parameters a = b= 48.85 À and c =95.13 À.
In the case of NSP9, both 19% and 20% PEG 3350 gave labile solutions, where crystals 
appeared in the controls as well as in the drops containing buckypaper. The buckypaper 
enhanced nudeation, producing showers of crystals at these conditions. The 17% and 
18% PEG 3350 conditions were metastable, producing rod-shaped crystals in all o f the 
drops that contained buckypaper (see Fig. 4.5(B)), while the controls all remained clear. 
Drops set with 16% PEG 3350 and below remained clear. In summary, our nucleants 
have been shown to be effective for a range o f proteins and pHs, corresponding to 
crystallisation conditions at pH4.5 (lysozyme) and 73-7.5  (MyBP-C and NSP9). They 
worked with both salt and polymer précipitants.
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4.3.4 Adsorption of lysozyme protein on buckypaper
Fig. 4.6 shows the protein erystals on a strip of TX-lOO buekypaper. The optical image 
(Fig. 4.6(A)) of the protein solution drop shows that there is a big lysozyme protein 
crystal on the buekypaper; its SEM image in Fig. 4.6(B). However, after taking a big 
erystal off, see in Fig. 4.6(C) clusters of tiny erystals that were underneath the single big 
one. Interestingly, sueh information may indicate where the nudeation oceurred. We 
performed Raman speetroscopy to study the adsorption of protein on buckypaper.
(A) (B) (C)
Figure 4.6 Protein erystals on a buckypaper strip. (A) Optieal image of a lysozyme 
erystal on TX-lOO buckypaper. (B) SEM image of the same sample as (A). (C) SEM 
image of (B) after removing a big erystal. The protein crystal was prepared with 20 
mg/ml of lysozyme, 4.8 % NaCl, and pH 4.5 at room temperature.
For our Raman speetroscopy work, we used the blue laser (an argon ion laser) with the 
excitation wavelength of 472.8 nm for seanning and mapping with the full speetrum 
scanning software from NT-MDT. The 60 mg/ml lysozyme solution (prepared in 
section 3.3.1) was dropped on to the surface o f TX-lOO buckypaper. The sample was 
kept at room temperature for 2 hr in a sealed plastie petri dish to prevent drying. The 
wetted sample was scanned in the XZ direetion (from the top of the sample down to 500 
nm deep inside the sample) and mapped with the full spectrum software. Fig. 4.7 shows 
the Raman speetrum as the main figure and the Raman map in the inset (eolour image). 
The Raman maps show three colours due to the foeus of the laser on the sample. The 
laser is well focused on the top of the sample, thus the Raman signal is intense and the 
maps beeome yellow. At further depth inside the sample, the laser begins to lose its
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focus, thus the maps are red and black, respectively. The Raman spectra shown in the 
main figure indicate the spectra located at the green circles on the Raman maps.
In Fig 4.7 (A), the green circle is located at the yellow region. The spectra show that 
there is a signal from lysozyme which is from many amino acids, such as Tryptophan 
(Trp) and Phenylalanine (Phe) in blue b o x e s . T h e r e  is little signal from the G-band 
(red box) which is characteristic of SWNTs. However, when the pointer moves to the 
red region, as shown in Fig. 4.7(B), the spectrum shows the signals obtained from both 
lysozyme protein and SWNTs. The red region may refer to the area that the lysozyme 
adsorbed on the buckypaper.
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Figure 4.7 The Raman images and Raman speetra of droplet o f lysozyme solution on 
the surfaee of SWNT buekypaper. The speetra are obtained from the position indieated 
by green cirele on the Raman map (inset). There are three layers of different eolours: 
yellow, red, and black. The yellow layer refers to the top surfaee of the sample. The red 
layer is the depth at which lysozyme adsorbs on the buckypaper. The blaek layer is deep 
inside the sample (> 300 nm), and indieates buekypaper. In (A) the green eirele is at the 
lysozyme coverage. In (B) the green cirele is at the lysozyme adsorbed area. (Exeitation 
wavelength = 472.8 nm, XZ-Raman Image (0-500 nm). Full speetrum scanning).
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4.3.5 Transparent buckypaper and crystal growth
Because the buckypaper strips are smaller than the crystals, observing crystallisation via 
optical microscopy is easy, despite the fact that the buckypaper is black. However, if  
required, large sheets of transparent buckypaper can be produced (see section 3.2.2 for 
how they are prepared). Fig. 4.8 shows that lysozyme protein nucleates on the 
transparent buckypaper, which is highly convenient for observing crystal growth via 
optical microscopy of solutions. On dried samples, we can use SEM to search for 
crystals too small to be visible via optical microscopy. See Fig. 4.8(B) for an example. 
The density o f such small, -100 nm, lysozyme crystals on the surface o f the buckypaper 
is relatively low; much less than one crystal per square micrometer.
To have further understanding of this observation, two possibilities can be considered: 
(i) if  the crystals (-100 nm) are smaller than critical cluster radius (R*), they may be 
obtained from big crystals that are dissolving, (ii) the tiny crystals may occur when the 
protein solution slowly dries. The increase in supersaturation due to evaporation creates 
nudeation, leading to the presence o f small crystals.
To examine the first assumption, the critical radius (R*) is calculated (based on Eq. 10, 
page 32).
R* = - ^ r v
kT]n(c/c^^)
Where y = 1.2 x 10'^ Jm'^ (lysozyme solution at 5%NaCl, pH 4.5^^ ’^ ^^ )^, V = 40.5 x 10'^  ^
m^ (volume of lysozyme^^®^), c = 10 mg/ml (protein concentration), Ceq = 2.79 mg/ml 
(protein solubility at 5%NaCl, pH 4.5, 22 k = 1.38 x 10'^  ^ J/K (Boltzmann
constant), T = 295 K. From the calculation, the critical cluster radius (R*) is 18.8 nm. 
Therefore the tiny crystals (Fig. 4.8(B)) are bigger than the critical radius and do not 
arise as a result o f dissolution.
To examine the second assumption, the growth rate, obtained from crystal growth at 
(101) face of crystal at 5% NaCl on buckypaper (see Fig. 4.9, page 149), is used for the 
calculation. The growth rate o f the (101) face is 1.2 nm/s. If the protein solution takes 
about 1 - 2  min to be completely dried after being removed from the solution, the tiny 
crystal sizes should be between 72- 144 nm, which is close to the size observed by
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SEM. Thus, this assumption possibly explains the formation of the erystals. However, 
further study of this intriguing observation is reeommended for future work.
Figure 4.8 (A) Optical microscopy image of lysozyme crystals on a sheet of transparent 
buckypaper. The buckypaper is the darker square. (B) SEM image of lysozyme crystals 
too small to be visible via optieal mieroseopy.
Transparent buckypaper was used for studying the predietions of the nudeation time of 
lysozyme protein crystallisation. The protein solution was prepared with 20 mg/ml of 
lysozyme and pH 4.5 at room temperature (see seetion 3.3.4 and Fig. 3.25(B) for 
preparation methods). This study aims to estimate the nudeation time of the crystal 
occurring on transparent buckypaper at different salt coneentrations (5% and 6 % NaCl). 
Importantly, at the first time of observing the crystals, 3-5 tiny crystals occurred on the 
protein solution with 5%NaCl and 5-8 tiny erystals oeeurred on the protein solution 
with 6 %NaCl. The erystals seleeted for measuring their size must be perfeetly 
tetragonal (see inset in Fig. 4.9), which we observe that the (101) side grows faster than 
the (110) side. From the graph, we ean predict the nueleation time of the crystals by 
extrapolating from both sides of erystal ((1 0 1 ) and ( 1 1 0 )) as we can see from the solid 
blaek lines. The approximate nueleation times, estimated from the crossing points o f the 
blaek lines, whieh are 31, 42, and 55hr for 6 %NaCl with buckypaper, 5%NaCl with 
buckypaper, and 5%NaCl without buckypaper (eontrol), respeetively. At 5%NaCl, the 
nudeation time of the erystal growing from the buekypa:per is shorter than that o f the 
eontrol droplet. This means that the (5-10 pm) erystal from buekypaper is observed 
earlier than that with eontrol drop, whieh is in agreement with the data in Fig. 4.4(A). 
The growth rates o f the (101) faces of the 6  %NaCl with buckypaper (green triangle), 
5% NaCl with buekypaper (red circle), and 5% NaCl in control drop (light blue 
diamond) are 0.16 x 10'^, 0.12 x 10'^, and 0.029 x 10"^  cm/s, respectively. Gorti et 
reported that the growth rate of the (101) face with 5 %NaCl and pH 4.4 at 22 °C is 0.2
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X 10'^ cm/s (see Fig. 2.30), which is higher than that we obtained (0.029 x 10'^ cm/s). 
However, to obtain quantitative understanding, systematic study is necessary.
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Figure 4.9 The graph shows the relationship between tetragonal crystal sizes as a 
function of time. A schematic of a tetragonal crystal is shown in the inset. The crystals 
are obtained in a 5%NaCl solution in control droplet, and 5% and 6 %NaCl solution in 
droplets with transparent buckypapers. The protein concentration was from 20 mg/ml 
and the pH = 4.5 at room temperature. The size is measured from two faces: (110) and 
(101) as shown in the inset. The black square and the red circle are the size o f crystal, in 
5% NaCl with buckypaper. The green triangle and the blue triangle are the size of 
crystal, occurring in 6 % NaCl with buckypaper. The light blue diamond and the pink
triangle are the size of crystal, occurring in 5% NaCl in a control droplet. The red lines
are linear fits. The black lines are extrapolations to estimate the nueleation times. The 
error bar on each crystallisation trial is the standard deviation of the crystallisation times 
in three trials.
4.3.6 Lysozyme crystallisation on two chloroform buckypapers with similar 
surface chemistry, but with different dominant pore sizes
This study aims to compare lysozyme protein erystallisation on buekypapers with 
similar surface wetting ability (contact angle of 1 2 2 °), but different dominant pore sizes. 
The chloroform buckypapers were prepared as in section 3.2.6 with different times of 
probe sonications (T). When the probe sonication times are T= 40, T = 60, and T=120 
min, the dominant pore sizes are 12.61, 4.03, and 3.87 nm, respectively (see Fig.
4.10(A), and also 4.10(B) for SEM images).
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Figure 4.10 (A) Pore size distribution of chloroform buckypaper made with different 
times of probe sonication: 40, 60, and 120 min. (B) and (D) are the SEM image of the 
buekypaper from sonication time of 40 and 120 min, respectively. (C) The graph the 
time when a crystal (5-10 pm size) is first observed for buekypapers with different 
sonication times. The error bar on each crystallisation trial is the standard deviation of 
the crystallisation times in five trials.
The crystallisation trials were conducted with 20 mg/ml lysozyme solution, 5% NaCl, 
pH 4.5, and at room temperature (see seetion 3.3.4). The result in Fig. 4.10(C) shows 
the relationship between the time when we first observed the crystal (5-10 pm width) 
and the type of ehloroform buckypaper. The results in Fig. 4.10(C) show that there is no 
difference in the time a crystal is observed between all the chloroform buckypapers and 
the control droplet. This suggests that the extremely high hydrophobicity o f the surface 
(contact angle of 1 2 2 °) may prevent protein adsorption on the buckypaper, and as a 
result pores eannot effectively induce protein erystallisation. Thus, this pristine 
buekypaper is not good for inducing protein crystallisation.
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4.3.7 Lysozyme crystallisation on peptide buckypaper and chloroform buckypaper
with similar pore size, but with different surface chemistry
The study aims to compare lysozyme protein crystallisation on buckypapers with 
similar dominant pore sizes (around 14 nm, see Fig. 4.11(A)), but different surface 
chemistries. The chloroform buckypaper was prepared as in section 3.2.6, with a probe 
sonication time of 20 min. The peptide nano-1 buckypaper was prepared as in section
3.2.5 with a probe sonieation time of 90 min. They are different in both,surface 
chemistry and wetting ability. The chloroform buckypaper has a hydrophobic surface 
with a contact angle of 122° (see Fig. 4.11(D) and 4.11(E)), but the peptide buckypaper 
has a hydrophilic surface with a contact angle o f 72° (Fig. 4.11(C)) as a result o f the 
surface being covered with peptide nano-1 as shown in the SEM image (Fig 4.11(B)) 
and in the TGA data (Fig. 3.14(F)). The crystallisation trials were conducted with 20 
mg/ml lysozyme solution, 5% NaCl, pH 4.5, and at room temperature (see section 
3.3.4).
The results in Fig. 4.12 show the relationship between the time when we first observe a 
crystal (5-10 pm) and the types of nucleant: chloroform buckypaper, peptide 
buckypaper, and without buckypaper (control). The peptide buckypaper is more 
effective at inducing crystallisation at 5%NaCl than the chloroform buckypaper. The 
time to observe crystals is similar on the chloroform buckypaper and in the control. This 
suggests that the chloroform buckypaper (a hydrophobic surface) is not an effective 
nucleant. This shows that either the wetting ability o f peptide nano-1 is important for 
crystallisation.
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Figure 4.11 (A) BET pore size distributions of peptide nano-1 buckypaper (black line) 
and chloroform buckypaper (red line). (B) is SEM image of the peptide buckypaper and 
(C) shows its contact angle with a water droplet (72°). (D) Shows the contact angle of a 
water droplet on the chloroform buckypaper (122°) and (E) is an SEM image of the 
buckypaper.
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Figure 4.12 The graph shows the relationship between the time when a crystal (5-10 
pm size) is first observed and buckypaper with different surface chemistries. The error 
bar on each crystallisation trial is the standard deviation of the crystallisation times in 
five trials.
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4.3.8 Lysozyme crystallisation on TX-lOO buckypaper with similar surface
chemistry, but with different pore size
The study aims to compare the lysozyme protein crystallisation on the buckypaper with 
similar surface wetting ability, but different dominant pore size. The TX-lOO 
buckypaper was prepared as in seetion 3.2.1 with different probe sonication time (T). 
When the probe sonication times are 4, 15, and 40 min, the dominant pore sizes are 12,
8.2, and 8  nm, respectively (see Fig. 4.13(A)). The contact angle of T = 4, T=15, T ^  40 
min are 75°, 79°, and 87°. The slight difference in contact angle may be due to the 
amount of TX-lOO coverage on the buckypaper. The crystallisation trials were 
conducted with 20 mg/ml lysozyme solution, 5% NaCl, pH 4.5, and at room 
temperature (see section 3.3.4).
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Figure 4.13 (A) Pore size distribution of TX-lOO buekypaper made with different times 
of probe sonieation (T). The means of pore size distribution of buckypaper made with 
T=4, T=5, and T=40 min are 10.5, 7.5, and 7.4 nm, respectively, and the widths o f the 
pore distributions are 4.5, 2.5, and 2.4 nm, respectively. (B) The graph shows the time 
when a crystal (5-10 pm size) is first observed for buckypapers with different sonication 
times. The error bar on each crystallisation trial is the standard deviation of the 
crystallisation times in five trials.
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The result in Fig. 4.13(B) shows the relationship between the time when we first 
observed the crystal (5-10 pm) and TX-lOO buckypaper, having similar surface wetting 
ability (hydrophilic), but different dominant pore size. The results show that there is no 
significant difference in time of observation between all types o f buckypapers. 
However, the crystal in the buckypapers occurs faster than that occurred in the control 
droplet. In the case of buckypaper, the hydrophilic surface is good for protein 
crystallisation, but we cannot see much difference because the pore size we obtained is 
also similar, which is 8  and 12 nm. It would be good if  we can obtain bigger pore size 
such as 20 nm. However, further study is required to further understand the effect o f 
pore size on protein crystallisation.
4.4 Conclusions
The goal of this research is to search for a universal nucleant (a nucleant which induces 
nueleation of every type of protein) and to better understand protein crystallisation 
phenomena on porous media. Materials with nanoscale porosity/roughness were used to 
control nueleation so as to obtain one or a few large crystals from solutions at low 
supersaturations, as is required for structure determination via X-ray crystallography. 
Growth at low supersaturations is expected to lead to more ordered structures, which 
diffract to higher resolution, and indeed this is what was found for the MyBP-C 
crystallised with the . carbon-nanotube-based nucleants. Carbon-nanotube-based 
materials with nanoscale pores may have great potential.
The different effectiveness of our TX-lOO, gelatin, peptide, and chloroform 
buckypapers implies that changing the surface chemistry and porosity changes the 
ability of the material to induce nueleation. TX-lOO buckypaper is fairly effective at 
inducing nueleation in lysozyme solutions. Gelatin by itself was shown to promote 
nueleation as shown in Fig. 4.4(A); it induces lysozymes crystallisation at low 
supersaturations similar to those found with gelatin buckypaper, but results in too many 
tiny crystals, which are not good for X-ray crystallography. Peptide nano-1 was used as 
a nanotube dispersant as we reasoned that a protein-like dispersant may improve protein 
crystallisation. However, we cannot control the pore size distribution o f the peptide
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buckypaper. The effectiveness of the peptide buckypaper is similar to that of the TX- 
100 buckypaper, inducing crystals down to the lowest salt concentration of 4.4%.
Chloroform buckypaper shows little effectiveness inducing lysozyme crystallisation. 
Although we can control the varying pore size by the sonication time, the surface 
wetting ability o f this buckypaper is always hydrophobic, which may affect the 
adsorption o f the lysozyme protein on the surface. As shown in section 4.3.6 and 4.3.7, 
chloroform buckypaper’s effectiveness to induce crystals is similar to the control 
droplet. Carbon nanotube films made with other dispersants may be more effective 
nucleants. For example, films have already been prepared using diverse molecules as 
dispersants, such as singlestranded DNA.^^^  ^ These methods produce negative charges 
on the surfaces, which may be especially powerful for the crystallisation of positively 
charged proteins.
Finally, nanotube films may also function as nucleants for systems other than protein 
solutions, for example, in solutions of pharmaceuticals. Therefore, for future work, it 
would be valuable to test the carbon-nanotube-based nucleants in other important 
systems where controllable crystallisation is desired.
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Chapter 5
Assemblies of carbon nanotubes for morphological variation 
of cells
This chapter demonstrates that cell morphology depends on the surface features o f the 
substrate on which they grow. The cells are grown at densities below a monolayer 
coverage. The substrates use assemblies of multi-walled carbon nanotubes. Two main 
types o f the MWNT buckypapers, both transparent, are used; isotropic entanglements 
and aligned MWNT sheets. They have a thickness of less than 100 nm and have 
different topographies; one is aligned and the other is disordered. Two types of cell lines 
are used in the study; Chinese hamster ovary (CHO) cells and liver cells (Huh 7). There 
are four sections o f this chapter: introduction, materials and methods, results and 
discussion, and conclusions.
5.1 Introduction
Surface features o f the substrate cells have been shown to have a strong effect on cell 
behaviour such as adhesion, spreading, migration, and differentiation.^^’^  ^ It is important 
to understand the interactions between cells and the substrate material. For example, 
alignment of a cell on a substrate may lead to further understanding on how the cell 
performs its behaviour in tissue which itself is far from isotropic in an actual living 
organism, e.g., muscle. Wojciak-Stothard et alP^ showed that the degree o f orientation 
of cells increased with increasing depth and decreasing width of the grooves. Clark et 
a l examined how parallel grooves on a substrate of varying dimensions affect the 
alignment o f cells. Many reports claim that the topography and chemistry o f the surface 
are the key to determining whether protein molecules on cells can adsorb, and how cells 
adhere and align th e m se lv e s .H o w e v e r ,  a deeper understanding is still required, i.e., 
how they align themselves on aligned surfaces. It has been suggested that the alignment 
or orientation of cells may be due to the mechanical interlocking between cells and the 
su b s t r a te .C la rk  et al '^^  ^ showed that a periodic pattern in micro-and nano-scale
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enhances such phenomena and makes the cells difficult to grow over high ridges, 
causing the oriented growth of cells along ridges/groovesJ^^ Curtis et alP^ showed that 
spaced pits or pillars of a few hundred nanometres tend to reduce cell adhesion, but 
steps and grooves of these ranges o f height (depth) may improve adhesion. The groove 
depth is also reported to be important in determining cell alignment. For example, baby 
hamster kidney cells align with 2 pm deep grooves, but not with 0.3 pm deep grooves. 
However, the behaviour may depend on cell type as well. P388D1 macrophage-like cells 
can react to grooves with a very small dimension, down to 44 nm depth. Xenopus 
neurites grow parallel to grooves as shallow as 14 nm, and as narrow as 1 nm.^^  ^ The 
nanoscale topography affects cell adhesion at the level of protein on the cell surface 
sticking to the substrate surface and forming large complexes called focal adhesions, 
which are how cells adhere to a surface.
Changes in the morphology of cells mean changes in the actin filament (see Fig. 
5.1(A)). Actin filaments are one type of the cytoskeleton filaments. The three types are 
actin filaments, microtubules, and intermediate f i l am e n t s .A c t in  filaments form a 
dynamic structure; they help to determine the shape of a cell’s surface and are necessary 
for cell m o t i l i t y .C h a n g e s  in the cell shape occur when the cell is stimulated by an 
external stimulus. For example, substrate grooves are a stimulus. The microfilament 
network (stained with dye) is typically observed by fluorescence spectroscopy as shown 
in Fig. 5.1(B). Microfilaments are typically nucleated at the plasma m em brane .T hus ,  
the edge of a cell generally contains the highest concentration of microfilaments.
(A) microfilament (B )
Figure 5.1 (A) cartoon shows a cell and its microfilament networks (green). (B) A 
confocal fluorescence image of a liver cell. The green fibres indicate cytoskeleton (actin 
filaments) and the red circle is the nucleus. It should be noted that the cartoon shows 
only two parts of the cell, which is actually compounded of many structures.
160
The characteristics o f the scaffold are important for cell adhesion and growth, and for 
applications to tissue regeneration. Important characteristics are the surface area, the 
porosity, and the mechanical strength.^^^^ High surface area provides more surface that 
cells can adhere to and anchor to.^ ^^ ^
Finally, the experiments demonstrate that cell morphology can be varied by the surface 
features of carbon nanotube sheets. Whereby, assemblies o f multi-walled carbon 
nanotubes are used as a transparent thin film or transparent buckypaper. Importantly, 
the transparent buckypapers are easy to make. The surface o f the carbon nanotube sheet 
can be varied in many different features: aligned, crossed, and disordered. MWNTs 
appear to be relatively harmless to cells. Moreover, the surface of MWNTs can be 
functionalised with many different macro-or micro-molecules, e.g., polymers, peptides, 
RNA, and DNA. This ultimately may enhance the role of carbon nanotubes in 
biomedical applications.^^^’
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5.2 Experimental methods
1. Characterisation of transparent buckypaper
-SEM: HITACHI S3200N Scanning Electron Microscope
-ATM: Tapping mode, Noncontact golden silicon cantilevers NGSIO, NT-MDT
- Raman spectroscopy: NTEGRA spectra, NT-MDT
- Contact angle measurement: Contact angle measuring instrument, KRUSS
2. Cell morphology study: Liver cells (Huh 7)
2.1 Transparent assemblies o f MWNTs
- Aligned MWNT assemblies, see section\3.4.1.3
- Entangled MWNT assemblies:
Rough buckypaper and smooth buckypaper, see section 3.4.1.2
2.2 Cell culture in section 3.4.2.5
2.3 Optical microscopy
2.4 AFM: Tapping mode. Noncontact golden silicon cantilevers NGSIO, NT-MDT
2.5 Confocal fluorescence microscopy: Zeiss LSM 510 META
3. Cell morphology study: Chinese hamster ovary (CHO) cells
3.1 Transparent assemblies of MWNT s
- Aligned MWNT assemblies, see section 3.4.1.3
- Entangled MWNT assemblies:
Smooth buckypaper, see section 3.4.1.2
- Crossed surface, see section 3.4.1.3
- Thread, see section 3.4.1.3
3.2 Cell culture, see section 3.4.2.4
3.3 Optical microscopy
3.4 AFM: Tapping mode. Noncontact golden silicon cantilevers NGSIO, NT-MDT
3.5 Confocal fluorescence microscopy
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5.3 Results and discussion
There are two types of multi-walled carbon nanotube sheets used in the experiments: 
isotropically entangled and aligned sheets. Their preparation methods are shown in 
section 3.1.4.3. This section shows the characterisation of the physical and chemical 
properties of the MWNT sheets and demonstrates how a liver cell-line (Huh7) reacts to 
carbon nanotube sheets with different surface features: rough, smooth, and aligned, i.e., 
anisotropic surface. In the section after that, CHO cells were used for the same 
experiments as the liver cells, but included other surface features, e.g., crossed surfaces 
and threads. The sizes o f liver cell and Chinese hamster ovary cell adhering on the 
cover glass are around 40-50 pm and 10-15 pm (as observed in the optical and confocal 
fluorescence images), respectively.
5.3.1 Characterisation of buckypaper
Table 5.1 shows the physical and chemical properties of the MWNT buckypapers used. 
There are two types of isotropic sheets: smoother and rougher surfaces. The difference 
between the buckypapers is the surface roughness. The root mean square (RMS) 
roughness of the buckypaper was obtained via AFM scanning (tapping mode) after 
scanning by 50x50 pm. Our rough isotropic buckypaper is the roughest one with an 
RMS roughness of 163 nm. The smooth buckypaper and the aligned one have similar 
RMS roughnesses, which are 60 and 51 nm, respectively. However, the smooth 
buckypaper is very hydrophobic compared to the aligned buckypaper. The contact 
angles of a water droplet are 123° and 73°, respectively (see Fig. 5.2(C) and 5.2(A)). 
The contact angle of the rough buckypaper is similar to the smooth one, being 121° (see 
Fig. 5.2(B)). In addition, it is well known that micro- or nano-structured surfaces can 
exhibit superhydrophobic behaviour when the surface water contact angle is greater 
than 150°.^ "^^  ^ This surface has also attracted much interest from both industry, such as 
self-cleaning surfaces,^^^  ^ and fundamental r e s e a r c h . T o  achieve superhydrophobic 
surfaces, the combination of surface roughness and low surface energy is required.
From a viewpoint of surface roughness, hydrophobic surfaces typically exhibit one of 
two states: (i) the Cassie state: water droplets are in contact with peaks o f the rough 
surface as well as the “ air pockets” trapped between surface spaces (grooves or 
pores)^^^  ^ or (ii) the Wenzel state: water droplets are in full contact with the rugged
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surface^^^l In fact, nature provides examples o f superhydrophobic surfaces, such as 
lotus leaves and dove’s f e a t h e r s T o  achieve high water repellence such that on the 
buckypaper surfaces, water droplets should be in the Cassie state rather than the Wenzel 
state and the Cassie-Wenzel transition should not occurJ^^’ Generally, physical 
conditions that can strongly affect the transition are the surface roughness, including the 
space between the bundles of nanotubes and the height o f the bundles. In Fig. 5.2, the 
transition gradually occurs after dropping water droplets on smooth and rough 
buckypapers, i.e., the contact angle decreased after 2-3 minutes, thus the buckypaper 
surface may not be able to exhibit superhydrophobic behaviour. Moreover, as the 
surface roughness o f the buckypaper is non-uniform, the water droplets on these 
surfaces can be either in the Wenzel state or in the Cassie state, depending on the initial 
position o f the droplet.
Fig. 5.4 shows AFM height images and SEM images. The surface of the rough 
buckypaper has clusters o f big bundles o f MWNTs (see Fig. 5.4(A) and 5.4(B)), which 
are not observed on the smooth buckypaper (see Fig. 5.4(C) and 5.4(D)). The aligned 
film is shown in Fig. 5.4(E) and 5.4(F). In the aligned film, the existence of ordered 
alignment of the nanotubes is clear. The orientation is confirmed by studying Raman 
polarization. The result is shown in Fig. 5.3. The G-band of the buckypaper has highest 
intensity when the nanotube is aligned is parallel to the excitation laser polarization ( 0  
degrees), and it is lowest when perpendicular (90 degrees) to the excitation laser. Also, 
Fig. 5.5 shows an AFM height profile across the aligned film. The sizes o f the bundles 
o f MWNTs are from 40 to 180 nm. However, most of them are below 100 nm.
Bud^paper Average of RMS 
roughness from 
50x50|um area (nm)
Contact
angle
(degrees)
Average thickness 
(nm)
Aligned 51 73 87
Rough 163 121 93
Smooth 60 123 84
Table 5.1 Comparison of the surface roughness, wetting ability, and thickness of 
MWNT buckypaper.
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(A) (B) (C)
Figure 5.2 Contact angles of water droplets on the MWNT film having different surface 
modification. (A) Aligned MWNT buckypaper. (B) Rough MWNT buckypaper (C) 
Smooth MWNT buckypaper.
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Figure 5.3 Plot of the G-band intensity of MWNT aligned buckypaper obtained, from 
polarized Raman, as a function of the excitation laser angle. It should be noted that the 
polarized Raman measurements (NT-MDT) use polarized laser excitation and a 
polarization analyzer that can be used to acquire spectra, either parallel ( 0  degrees) or 
perpendicular (90 degrees) to the excitation laser.
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Figure 5.4 The topographies of the buckypapers obtained from AFM height images 
(left) and SEM image (right). (A) and (B) Rough buckypaper. (C) and (D) Smooth 
buckypaper. (E) and (F) Aligned buckypaper.
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Figure 5.5 AFM height image (A), and the height profile along the green line (B), for 
aligned buckypaper.
5.4 Cell morphology study: Liver cell (Huh 7)
The details of cell culture of the liver cells (Huh 7) are shown in section 3.4.2.5. Four 
types of substrate with different surface features were used in the experiment: aligned 
buckypaper, smooth buekypapaper, rough buckypaper, and cover glass (the reference 
control surface). Fig. 5.6(A) shows cells on the aligned sheet. The top image is an 
optical image showing two aligned nanotube sheets separated by the bare cover glass in 
the middle. The image shows that the cells adhered on the aligned tubes are aligned, but 
they are random on the cover glass. The randomly oriented morphologies are also seen 
on the smooth and rough buckypapers, and on the cover glass as shown on the top 
images of Fig. 5.6 (B), 5.6(C), and 5.6(D), respectively.
However, the optical images do not show much detail about the cell morphologies. The 
image in the middle panel of Fig. 5.6(A) shows a confocal fluorescence image of a cell 
aligned on the aligned substrate. The cell is clearly elongated along the axis of the 
MWNT bundles. This alignment is of course not seen on the smooth and rough 
buckypapers, and on cover glass. The cell morphologies on the entangled buckypapers 
appear to be round, isotropic (see the middle images of Fig 5.6(B) and 5.6(C)), and
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similar to those of cells on the cover glass, see the middle image of Fig. 5.6(D). The 
bottom image of Fig. 5.6(A) is an AFM height image showing a cluster of cells aligned 
with the aligned on tubes. However, the cells have a rounded shape on the smooth and 
rough buckypapers, and on the cover glass, see the bottom images of Fig. 5.6(B), 
5.6(C), and 5.6(D), respectively. On the isotropic buckypaper, the cell morphologies on 
the smooth and rough buckypapers are similar. The confocal fluorescence images are 
not enough to observe differences in cytoskeleton of cells among different substrates. 
Thus, to understand the relationship between liver cell behaviour and the substrates, 
more quantitative experiments are required.
, 30, pm
Figure 5.6 Characterisation of liver cells grown on our substrates: (A) aligned 
buckypaper, (B) smooth buckypaper, (C) rough buckyapaper, and (D) cover slip. The 
images from top to bottom of the same column are optical, confocal fluorescence, and 
AFM height images, respectively. The results were obtained 24 hr after seeding with the 
cells.
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Figure 5.7 AFM height images (left hand column), phase images (middle column), and 
the height profile along the green lines (right hand column). (A) Aligned buckypaper. 
(B) Smooth buckypaper. (C) Rough buckypaper. (D) Cover slip. The results were 
obtained 24 hr after seeding the cells.
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The cells on the aligned sheet are clearly elongated along the direction o f alignment of 
the tubes, as can be seen in the AFM height and phase images (see Fig. 5.7(A1) and 
5.7(A2)). The thickness of the cell and spreading in the X and Y directions are used to 
quantify cell morphology. The height (thickness) indicates how much the cell protrudes 
out of (perpendicular to) the XY plane. The X and Y axes are horizontal and vertical in 
the AFM images, respectively. Table 5.2 shows the dimensions of the cell in Fig. 5.7. 
Cell shape varies from cell to cell on a substrate. For example, more than 80% of cells 
on the aligned sample are elongated and the other 2 0 % of cells are round and random.
The X/Y ratio quantifies how much the cell elongates along the MWNTs. If the ratio is 
one, the cell shape (in the XY plane) is round. In the table 5.2, we see that the X/Y ratio 
of the cell on the aligned sheet is far from 1. The shapes of the cells on the smooth and 
rough buckypapers, and on the cover glass are approximately circular; X/Y is close to 1. 
For the cover glass, most of the cell size is about 40-50 pm in diameter. We have 
selected cells that are larger than average for Fig. 5.7.
To conclude, we demonstrated that the morphology of liver cells can be controlled by 
surface features, e.g., by aligned MWNT bundles. We found no significant difference in 
the cell morphology on the smooth and rough buckypapers. To obtain more information 
on the cell alignment, we need to analyse quantitatively confocal fluorescence images 
containing many cells.
Substrate Size in X-direction 
(pm)
Size in Y-direction 
(pm)
Thickness
(pm)
X /Y
. Aligned sheet 10 80 0.7 0.125
Smooth bukypaper 58 56 0.3 1.036
Rough buckypaper 54 58 1 1.125
Cover glass 100 102 1.2 0.98
Table 5.2 Comparison of liver cells on different substrates. The data are for the cells in 
Fig. 5.7.
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5.5 Cell morphology study: Chinese hamster ovary (CHO) cells
In addition to the work with liver cells, the Chinese hamster ovary cells were also 
studied. CHO cells are about half as big as the liver cells. The experiments and substrate 
are similar to those with liver cells, except that there is no rough buckypaper. Using 
smooth buckypaper, it is easy for AFM scanning. Furthermore, we show morphological 
changes of CHO cells on patterned surface features, including a single thread and 
crossed buckypapers.
5.5.1 Cell morphology on aligned sheet, smooth buckypaper, and cover glass
The response of the CHO cells to the substrates is similar to that o f the liver cell. Fig. 
5.8 shows the cell morphology on different surfaces: aligned and smooth buckypaper, 
and a cover glass. The cell elongates along the tubes as shown in Fig. 5.8(A). The cell 
grows as a very long shape as shown in the AFM height and phase images (Fig. 5.8(A2) 
and 5.8(A3)). Fig. 5.8(B) shows the cell morphology on smooth buckypaper. The shape 
is approximately circular and so very different to that of the ones grown on the cover 
glass (Fig. 5.8(C)). It should be noted that AFM images are obtained from the selected 
cells that are representative of healthy cells and also are chosen for ease o f AFM 
scanning, here individual cells are preferable. The AFM images in Fig. 5.8 shows the 
most common morphology observed on each substrate.
5.5.2 Cell morphology on MWNT thread
Fig. 5.9 shows the cell morphology of CHO cells on a thread o f MWNTs obtained from 
the manipulation of aligned sheet. The thread was attached on the cover glass by a nail 
polish at its opposite ends (see Fig. 3.27). The morphology is clear in the phase image 
(see Fig. 5.9(B)). Fig. 5.9(C) and 5.9(D) show the blue square region in Fig. 5.9(B) at 
higher magnification. The image may show filopdia that the cells use for protrusion and 
forward m o v e m e n t . F r o m  the image, it seems that the cell grasps the nanotube thread 
and elongates along it. Note that it has been reported that the MWNT sheet can promote 
the migration of cell.^ ^^  ^ The AFM images in Fig. 5.9 show an uncommon cell because 
we observed only one cell on the thread (and not on the bare cover glass close to the 
thread). Usually, there are many cells adhering both to the thread and to the bare cover
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glass around the thread. Some of them align along the thread, a few of them spread over 
the thread (but do not elongate), and, sometimes, there are no cells on the threads (but, 
they adhere to the bare cover glass around the thread).
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Figure 5.8 Cell morphology on different substrates: (A) aligned buckypaper, (B) 
smooth buckypaper, and (C) cover glass. Three types of techniques are used: confocal 
fluorescence image (left hand column), AFM images height image (tapping mode, 
middle column), and AFM phase image (right hand column). The results were obtained 
2 0  hr after seeding the eell.
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Cover glass
Filopodia
Figure 5.9 The cell morphology of CHO cells on a thread of MWNTs obtained from 
aligned sheet. The thread is eontinuous and so runs underneath the eell. (A) AFM height 
image (tapping mode). (B) AFM phase image. (C) AFM height image from the blue 
square region in (B). (D) The corresponding AFM phase image. The images in (C) and 
(D) may show filopdia that cell used for protrusion. The results were obtained from 20 
hr after seeding.
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5.5.3 Cell morphology on crossed surface features
A crossed MWNT surface is made from two sheets of the aligned MWNTs. One is laid 
on the top of the other as shown in Fig. 3.27 and Fig. 5.10. The top layer has the 
MWNTs in a vertical direction and the bottom layer is horizontal. Fig. 5.11 shows CHO 
cells on the crossed surface of the MWNT sheet. Two of the cells try to align in the 
vertical direction. Thus they are aligning with the top layer. The middle one is the 
biggest one. It spreads in three directions. Fig. 5.12 shows another cell on the crossed 
surface with higher magnification. The image is clearer in the AFM phase images than 
the height images (see Fig. 5.11(B) and 5.12(B)). The AFM images in Fig. 5.11 and 
5.12 are obtained from selected cells. Typically, many cells stretch, but do not elongate 
much along the MWNT bundles, as shown in Fig. 5.14(B) and 5.15.
Fig. 5.13 is an AFM image of cells on crossed sheets in which there is a gap in MWNTs 
in the top (vertically aligned) sheet. The gap is around 12 pm width, which is close to 
the cell size. In the top layer the MWNTs are aligned vertically, and the bottom layer (in 
the gap) is horizontal way. The nucleus of the larger eell aligns in the vertical direction. 
The cell may first attach in the gap close to the edge of vertical sheet, so it first aligns 
vertically. Cells adhered and spread out on the gap between MWNT sheets are a rare 
phenomenon. Generally, it happened when the gap is neither too big nor too small 
compared to the cell size. Fig. 5.13 shows that the gap is close to the eell size.
(A)
% i iI  Mi r r #
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Figure 5.10 AFM (tapping mode) of crossed surface features: (A) height image and (B) 
phase image. The crossed surface is made from two sheets of the aligned sheet laid one 
on top of another. In the image, the top layer is aligned along the vertical direction and 
the bottom layer is aligned along the horizontal direction.
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Figure 5.11 AFM (tapping mode) of CHO eell on crossed surface features: (A) height 
image and (B) phase image. The results were obtained 20 hr after seeding the cells.
10 12 14
1
Figure 5.12 AFM (tapping mode) of a CHO eell on crossed MWNT sheets showing 
that the eell stretches out in three directions: (A) height image, and (B) phase image. 
The results were obtained 20 hr after seeding.
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Figure 5.13 AFM (tapping mode) of bridging CHO eell on crossed sheets: (A) height 
image, and (B) phase image. The results were obtained 20 hr after seeding.
Fig. 5.14 compares CHO cells grown on the aligned and crossed surfaces. The number 
density of cells on the aligned surface is much higher than that of the crossed surface 2 0  
hr after seeding. This may indicate that the cells prefer to adhere to the aligned surface 
because its surface features are less complex (e.g., less guiding direction) than that of 
the crossed surface. In addition, adding water or growth medium containing cells, the 
MWNT bundles do shift around and this can expose glass; the aligned surface shows 
more bare glass than the crossed surface. Thus, this may affect the different number of 
cells adhered on the surface.
Most of the cells on the aligned sheet seem to elongate along with the nanotubes. 
However, the cells adhered on the crossed surface have various dimensions, e.g., 
spreading out in different directions.
In Fig. 5.15, it is clear that the morphology of a minority of cells is strongly affected by 
the aligned MWNT substrate, a minority of the cells are not only aligned along the 
MWNT bundles, they are also highly elongated, the ratio between their length along the 
bundles and their width perpendicular to the bundles is 3 or more. However, note that 
many cells align without elongating, so stretching a large amount along the bundles is 
clearly not required in order to align with them. Note that large numbers of cells in Fig.
5.15 with small angles, 0, to the bundles but with elongations of around 2 or less, are 
comparable to the typical elongation found on the glass control. Thus, we can conclude 
that the single MWNT sheet strongly aligns the cells but that the crossed sheets do not.
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(A )  (B )
Figure 5.14 Confocal fluorescence images of CHO cells on: (A) aligned surface and
(B) crossed surface (horizontal direction is the top layer, the bottom layer is in the 
vertical direction). The scale bar is 40 pm. The results were obtained 20 hr after seeding 
the cells.
3 5 7
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Figure 5.15 A scatter plot for the elongation and orientation of 191 cells or cell clusters 
on our aligned MWNT substrates (black squares), 95 cells or cell clusters on crossed 
MWNT sheets (green crosses) and 31 cells or eell clusters on glass cover slips (red 
circles). 0  is the angle of the long axis to the x-axis, which is the axis along which the 
MWNT bundles are aligned. The elongation is the ratio of the length of the long axis to 
length along an axis perpendicular to that axis.
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5.6 Conclusions
Here we have shown that cell morphology can be affected by multi-walled carbon 
nanotube films with different surface features: smooth, rough, and aligned. Both liver 
cells and CHO cells behave in a similar way when adhering to the buckypapers. On the 
aligned sheet, cells elongate along the MWNT bundles. The aligned sheet has a surface 
roughness around 50 nm and the bundle size is in the range of 40-140 nm, see Fig.5.5. 
Thus, these sizes of bundle are enough to change the cell morphology although both 
cells are much thicker than this, i.e., a few microns thick. In addition, the 
biocompatibility o f the aligned sheets and threads may be from their high purity, which 
is 96 to 98% C in the form of MWNTs with 2 to 4% iron catalyst and amorphous 
c a r b o n . I n  general, high levels o f residual catalysts, e.g., iron, nickel, and cobalt, can 
directly contribute to oxidative cellular damage.^^^’ For example, SWNTs with 
30% iron cause cell oxidative stress, loss of cell viability and ultra structural and 
morphological changes in human epidermal kératinocytes after 18 hr of exposure.^^^^ On 
smooth and rough buckypaper, there is no specific direction to guide the cells, so the 
cells spread out as they do on cover glass.
Moreover, other patterned substrates were demonstrated, i.e., substrates where the 
MWNT coverage was non-uniform over length scales similar to the size o f the cell or 
larger. Cells also aligned with these patterns. For example, the cells align themselves 
along the edge of buckypaper (i.e., where it meets bare cover glass), or with a MWNT 
thread on the cover glass (see Fig. 5.9). From the aligned substrate, the results show that 
the cells elongate along the nanotube bundles. Also, the quantitative analysis in Fig.
5.15 shows that the cells are strongly aligned on the aligned MWNT sheet. The crossed 
surface was made from two layers o f aligned MWNT. The CHO cell is confused, thus 
its morphology points in three different directions (see Fig.5.12). When the top layer is 
separated apart, there is a gap where the direction of aligned tubes is perpendicular to 
the top layer, see Fig. 5.13. The cells adhered in the gap behave like a bridge to connect 
both part of the top layers.
Changes in cell morphology are controlled by mechanisms inside the cell, largely from 
the cell’s cytoskeleton. The cytoskeleton filaments are normally observed by the 
fluorescence image. To have more understanding on how the cytoskeleton (especially
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actin filaments) changes during the cell adhesion and alignment on smooth, rough, and 
aligned buckypaper, more detailed fluorescence imaging is necessary.
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Chapter 6
Responsive sensors based on earbon-nanotube assemblies
Owing to the high surface area and controlled porosity in carbon nanotube assemblies 
they offer much as materials for sensing applications. The aim o f the study is to utilise 
these assemblies as an ‘active’ sensor whereby the buckypaper changes shape upon 
exposure to air-home chemicals. The study is to evaluate the change in actuating 
behaviour (bending) o f different buckypapers, having different surface areas and pore 
sizes (space between tubes), after exposure to a gas for electron exchange. The changes 
in buckypaper dimension are due to a combination of electron transfer and 
physisorption of the gas molecules.*^^’ Raman spectroscopy is used to analyse
such electron transfer phenomena. Resistivity measurements (section 6.3.6) are also 
used to confirm the charge transfer, during doping with electron donating or accepting 
gases.
6.1 Introduction
Sensing gas molecules is essential for environmental monitoring, and the control of 
chemical processes in industries, laboratories and the environment. Previously, several 
examples have been shown in which carbon nanotubes have been successfiilly used for 
sensing applications.^"^’ In part, the chemical sensing ability o f carbon nanotubes
is due to their exceptionally high surface area and electrical properties. Under 
appropriate conditions, they can be doped with electron donating or accepting 
molecules attached to the nanotube wall, which remove or add electrons to the carbon 
bonds.^ ^^
Generally, semi-conducting carbon nanotubes are used as the active transducer device 
in the sensor. On exposure to the gas, the nanotubes change their electrical properties, 
and this causes changes in the buckypaper’s physical properties due to expansion and 
contraction o f the carbon b o n d s . W h e n  exposed to the gas, its resistivity changes. 
Many sensing experiments have demonstrated that carbon nanotubes are highly
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sensitive to various gases, such as N 0 2 ^^ ,^ 0 2 ^^  ^and H2 O vapour.
Doping carbon nanotubes with bromine, iodine, and potassium produces a significant 
change in their electronic and vibrational p r o p e r t i e s . F o r  the Raman spectra, the 
G-band o f the carbon atoms in the SWNTs is shifted to lower frequencies on doping 
with an electron donating gas, such as potassium. In contrast, it moves to higher 
frequencies with electron accepting molecules, such as Br2 .^ ^^
In addition, many researchers have also reported the use of carbon nanotube assemblies 
as an actuator in different env ironments .^^Baughm an et demonstrated an
electrochemical actuator based on electrolyte-filled electrodes o f a supercapacitor. The 
actuator comprises two strips of SWNT buckypapers (acting as electrodes), held 
together by an insulating layer (see Fig. 6.1). The dimensional changes of the SWNT 
actuator are due to quantum chemical and double-layer electrostatic effects, caused by 
the charge injection.^^^^ For example, when the voltage is applied (charge is injected), 
the Na^ and CT ions are attracted to the cathode and anode buckypapers respectively, 
which is compensated at the nanotube-electrolyte interface to form the electrical double 
layer. In the quantum effect, adding electrons to carbon bonds populates states with 
anti-bonding character; hence, it weakens the bond and increases the bond length. In 
contrast, removing electrons has an opposite effect and shrinks the bond length. In 
general, for low charge density, the dimensional changes are due to quantum mechanical 
effects caused by electron injection and hole injection, which lead to an expansion and a 
contraction o f buckypaper, respectively. However, for high charge density, the 
expansion results from both quantum chemical effects and electrostatic double-layer 
charging.*^ ^^ ^
The equality between the lengths of two buckypapers is disrupted, causing the bending 
of the sheets as shown in Fig. 6.1. Fraysse et showed that buckypaper has a better 
performance than commonly used actuators, with the advantages o f working under a 
physiological environment and at low voltage.
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NaCl solution
Buckypaper Buckypaper
Scotch tape
Figure 6.1 Schematic edge view of an actuator based on electrical double-layer 
injection technique in NaCl solution. The actuator comprises two strips of buckypaper, 
laminated together with an intermediate layer of double-sided Seotch tape.^^^^
In this chapter, we take advantage of the faet that the surface area of our buckypaper can 
easily be controlled. The study aims to quantitatively understand the role of the surface 
area of the buckypaper on the eleetro-chemistry and electro-meehanies. Two types of 
buekypaper were made: TX-lOO buckypaper and ehloroform buckypaper. By varying 
the sonication times of the SWNT-chloroform suspension (20 and 120 min), we 
obtained chloroform buckypapers with different surface areas and pore size 
distributions. The TX-lOO buckypaper was used for sensing the electron accepting and 
donating gases: NO] and NHg, respectively. The chloroform buckypapers were 
investigated for actuating response under the atmosphere of ammonia (NHs), bromine 
(Br]), and hexane (CôH m). For each atmosphere one would expeet either the relative 
molecules to aet as donors, acceptors, or be relatively non-inert, respectively. The 
dimensional change of buckypaper is due to the expansion or the contraction of 
individual carbon nanotubes in the isotropic ensemble. Raman spectroscopy was used to 
probe eleetron transfer during doping with the electron exchangeable gases. All of the 
experiments were performed at room temperature. BET analysis and scanning electron 
microscopy (SEM) were used to characterise the buckypaper.
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6.2 Experimental methods
1. Characterisation of buckypaper
BET analysis: Coulter series SA 3100, see section 3.5.2.1 and 3.6.1.1 
SEM: 5 and 10 kV, Carl Zeiss
2. Raman spectroscopy: for study electron transfer
2.1 Raman spectroscopy: NT-MDT, see section 3.5.2.2
2.2 Buckypapers: TX-100 buckypaper, see section 3.5.1.1
Chloroform buckypaper: different sonication times 
T =20 and T=120 min, see section 3.5.1.2
2.3 Chemicals: Bromine (Analytical reagent grade, Fisher Scientific)
3. Actuating responsive study
3.1 Experiment setup in section 3.5.2.3
3.2 Buckypapers:
Chloroform buckypaper: different sonication times 
T =20 and T=120 min, see section 3.5.1.2
3.3 Chemicals: Bromine, ammonium hydroxide (35% w/v), and hexane
4. Resistance measurement: gas sensing
4.1 Experiment setup, see section 3.5.2.4
4.2 Buckypapers:
TX-lOO buckypaper, see section 3.5.1.1
4.3 Gases: Nitrogen dioxide (NO]) and ammonia (NH3 )
186
6.3 Results and discussion
6.3.1 Characterisation of buckypaper
We charaeterised the buckypapers for studies of the role of surface area on actuating 
response and the electrical resistivity change due to interactions with electron donating 
and accepting gases.
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Figure 6.2 (A) Pore size distributions of the buckypaper as a function of sonication time 
(T): TX-lOO buekypaper and chloroform buckypaper (T=20 and T=120 min). (B) SEM 
image of TX-lOO buekypaper. (C) SEM image of T=20 ehloroform buckypaper. (D) 
SEM image of T=120 chloroform buckypaper.
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Fig. 6.2(A) shows the pore size distribution of the TX-lOO buckypaper and chloroform 
buckypaper. The TX-lOO buckypaper is made with probe sonication time o f 40 min. 
The chloroform buckypapers are made with probe sonication times o f 20 and 120 min, 
called T20 and T120 buckypaper, respectively. The dominant pore size of the TX-lOO 
buckypaper is around 15 nm (a bigger pore is observed in the SEM image in Fig. 
6.2(B)) and the surface area is 72.32 m^/g. The low surface area o f the TX-lOO 
buckypaper may be due to the coverage o f TX-lOO in the porous structure o f the 
buckypaper, i.e., it fills up the pores (space between tube), see further detail in section 
3.2.1. With chloroform buckypapers we have some control over the pore size and 
surface area, via varying the sonication time. The T20 buckypaper has bigger dominant 
pore size and wider range o f pore size than those o f the T 1 2 0  chloroform buckypaper, 
as shown in the SEM images (see Fig 6.2(C) and 6.2(D)). The chloroform buckypapers 
o f 2 0  and 1 2 0  min have different densities o f nanotubes, i.e., the nanotubes are very 
dense in T120 buckypaper. The surface areas of the chloroform buckypapers from 
different times of sonication are also different. It is very high in the T 1 2 0  chloroform 
buckypaper, which is about 534 m^/g and 415 m^/g in T20 buckypaper. In the actuating 
experiments, we study the effect of surface area of the chloroform buckypaper on the 
actuating response.
6.3.2 Raman spectroscopy: Changes in the G-band due to electron transfer after 
exposure to bromine
Bromine is a strongly reacting chemical, useful for comparing the effectiveness o f three 
buckypapers: TX-lOO, T20, and T120 buckypaper. The graph in Fig. 6.3 shows the 
Raman shift o f the G-band as a function time exposing to Br], an electron acceptor. The 
experiments were setup as in section 3.5.1.3.3. The excitation wavelength was 472.8 nm 
with an exposure time of each scan of 60 sec. The Raman shift at 1585 cm'^ refers to the 
G-bands of all buckypapers before exposure to Br%. From the graph at a fixed Raman 
shift, the G-band o f the T120 buckypaper changes more rapidly than that of the other 
buckypapers, i.e., we observe the G-band's shift to 1591 and 1594 cm'^ with the T120 
buckypaper earlier than those with T20 and TX-lOO buckpapers. The slopes in Fig. 6.3, 
indicating the rate of doping are obtained from linear fit in between the Raman shift o f 
1585 to 1594 cm '\ The doping rate of the T120 buckypaper is the highest. The up-shift 
in the G-band due to the electron accepting gas is around 9 cm'^ for T20 and TX-lOO
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buckypaper, but around 12 cm'^ for T120 buckypaper. The 12 cm'^ increase in Raman 
shift indicates that the electron transfer in the T 1 2 0  buckypaper is higher than that of the 
other buckypapers. This may be due to the higher surface area of the T120 buckypaper 
allowing more gas molecules to adsorb, which creates a large number o f electrons 
transferring to the Br2 . The exposure time refers to the time after opening the control 
valve in Fig. 3.29. The shift of the G band peak to higher frequencies may be explained 
by increases in the vibrational energies^^^  ^ in circumferential and tangential directions of 
the carbon nanotubes as a result of nanotube structural changes, or through 
environmental interactions, i.e., electron withdrawal in carbon double bonds.
TX-100 buckypaper, slope 0.28
T20 chloroform buckypaper, slope 0.33 
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Figure 6.3 Shift of G-bands of different buckypapers as a function of Bri exposure 
time. The data are obtained with an excitation wavelength of 472.8 nm. The error bar on 
each point is the standard deviation of five trials.
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Figure 6.4 Raman spectrum of SWNT buckypaper (excitation wavelength of 472.8 nm) 
showing radial breathing modes (RBM), D-band, G-band, and G’-band. The RBM 
region corresponds to lattice vibrations of carbon atoms in the radial direction as shown 
in the inset.^^^  ^ The G-band consists of six components. The inset shows two main 
components: circumferential direction (G ) and tangential direction (G^).
6.3.3 Raman spectroscopy: Study of electron transfer in T120 chloroform 
buckypaper
From the data in the previous section, the T120 chloroform buckypaper (SWNTs, 
Unidym) is the most sensitive buckypaper we made. Thus, it is used to study the effect 
of charge transfer. The Raman spectra of carbon nanotubes show characteristic and 
unique signatures, especially, the G-band and the radial breathing mode (RBM). The G- 
band is an intrinsic feature of carbon nanotubes that is closely related to vibrations in all 
sp^ carbon materials (see Fig. 6.4) with a peak appearing close to the graphene 
f r e q u e n c y .T h e r e  are two main components of the G band: G^ and G . The RBM 
corresponds to lattice vibrations of carbon atoms in the radial direction (contraction and 
expansion), see Fig. 6.4. The RBM depends on diameter through the Raman shift ( c o r b m  
= 248 / d i a m e t e r ) . I n  our buckypaper, it is quite broad due to the distribution of 
diameters of individual tubes in the buckypaper (see Fig. 6 .6 (A)).
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Moreover, the RBM can be used to probe the disruption of vibration due to additional 
molecules adsorbed on to the sidev^all, e.g., dopant, as shown in change in intensity. 
Three chemicals were used in our experiments: bromine, ammonia, and hexane, which 
are an electron acceptor, an electron donor, and neither effect, respectively.
6.3.3.1 RBM and G-Band after exposure to bromine (Brz)
The experiment was set up to study the change in the RBM and the G-band as a 
function o f exposure time as shown in section 3.5.2.2 at room temperature. The Raman 
spectra are obtained from excitation wavelengths of 472.8 nm (2.62 eV) and 633 nm 
(1.96 eV). Importantly, it should be noted that the exposure time in this experiment 
means the time after the control valve is opened (see Fig. 3.29). The initial time (0 min) 
is the time before opening the control valve. Thus, 4 min in the experiment is four 
minutes after we open the control valve. The T120 chloroform buckypaper typically 
reacts with electron acceptor (Bri) by electrons transferring from the carbon 7i-states in 
the tube to the This markedly affects the density o f states in the
semiconducting SWNTs and as a consequence, shifts the Fermi level of the nanotubes 
making them more metallic in character, i.e., more conducting. In general, electron 
withdrawal causes a downshift o f the Fermi level (Fermi energy, Ep), as shown in Fig. 
6 .6 (D). If the new position of Ep coincides with a van Hove singularity in the valence 
band, then the SWNT behaves like a m e t a l . T h e  more Bri molecules that are 
adsorbed on to the buckypaper, the greater the reduction in Ep hence the greater drop in 
electrical resistance of the sensor at higher c o n c e n tra tio n s .T h is  evidence is also 
shown in the resistance decrease seen in Fig. 6.12.
These electrons in chemically doped SWNTs were investigated via Raman spectroscopy 
by analysing the radial breathing mode (RBM) and the G-band, respectively. Fig. 6.5 
shows the shift o f G-band and RBM as a function of time. By monitoring the changes to 
these modes, it is possible to relate exposure to the doping level o f the nanotubes. From 
Fig. 6.5(A), the G-band increases in frequency depending on the how much Br% 
molecules adsorb on the buckypaper. At an exposure time of 0 min (before opening the 
control valve), the G-band is at 1585 cm '\ After opening the control valve, Br2  begins 
to adsorb on the buckypaper. After an exposure time o f 4 min the G-band is at 1588 
cm '\ indicating that the gas has begun to adsorb on the buckypaper and that charge 
transfer between the dopant and the bundles of nanotubes in the buckypaper has
191
occurred. Longer exposure time shows further adsorption of the gas on the buckypaper 
and as a consequence more charge transfer between them. This effect saturates after 36 
min. The G-band at this time is at 1597 cm '\ a 12 cm'^ increase. Up-shift in G-band 
implies that there is charge transfer and the electron structures of the semi-conducting 
SWNTs are being appreciably modified to make them metallic in character.
Moreover, in this experiment we use the G band to D band intensity ratio (G/D ratio) to 
probe the disruption of the graphene structure of carbon nanotubes by adsorption of 
bromine molecules (substitutional impurities). In general, the D-band has contributions 
from defects, which break the symmetry of the graphene sheet; it is observed in 
substances with sp^ carbons that have C-atom vacancies, impurities, or other symmetry- 
breaking defects.^^^’ For example, the ratio slightly decreases after dry oxidation of 
the carbon n a n o t u b e s . F r o m  Fig. 6.5(A), the G/D ratios before and after doping with 
bromine are 4.12 and 1.78, respectively. The lower G/D ratio o f the buckypaper after 
exposure to bromine may be due to a disruption in sp^ carbons caused by electrons 
transferring to bromine molecules.
Doping with Bri has profound effects on the RBMs also, as shown in Fig. 6.5(B). The 
spectrum in the RBM region clearly changes greatly; it has a big single peak after 
exposure to bromine (at 243 cm'^). This peak changes as a function of adsorption (or 
exposure time). At 4 min (red line), the intensities o f the two main peaks found before 
exposure, at 225 and 255 cm '\ appear to decrease at the same time as the G-band shift 
up to 1588 cm'^ (red line). At 8  min (green line), the pre-bromine peak at 305 cm'^ 
disappears, and the peak at 243 cm'^ is beginning to become more dominant. The G- 
band at this time (green line) is further shifted to 1592 cm"\ After 8  min, the peak at 
243 cm'^ is much broader and higher in intensity; they saturate after approximately 36 
min, at which time the G-band shift has also saturated (at 1597 cm'^ ).
The strong peak at 243 cm'^ in the RBM region o f the spectrum may be due to bromine 
molecules themselves, which are weakly binding to the carbon nanotube surface. 
Seung-Hoon Jhi et calculation of the Br2  stretching-mode, for Br2  molecules on
a graphene sheet, gives a peak at approximately 243 cm"\ Although the Br2  stretching­
mode of solid bromine is about 295 cm’V^ ^^  the decrease in its stretching-mode toward 
243 cm'^ may be due to the charge transfer from carbon to bromine.
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The disappearance of the peak at 305 cm'^ may be due to the dominance of the 243 cm'^ 
peak, a shift to lower frequency, or a reduction of Raman resonant energyJ^^^ An 
alternative explanation o f the build up of the big single peak is that it is a combination 
o f several peaks of the RBM (SWNT) which overlap. So, the largest peak in the fits 
(green curves) in Fig. 6 .6 (C) may be a combination o f Br% stretch and one or a few 
RBM modes.^^^  ^ In conclusion, to obtain further information on the shifts in the RBM 
peaks on exposure to bromine, a reliable estimation of the peaks is required.
Another possible reason for such changes in the spectrum in the RBM region may be 
that doping with Br2  contracts the carbon double bonds in each tube, causing shrinkage 
in tube diameter and shifts in the peaks to higher wave n u m b e r . T h e  Lorentzian fits 
o f the RBM regions in Fig. 6 .6 (A) and 6 .6 (C) show some information concerning the 
peaks before and after exposure to Br2 , respectively. Although an extensive resonance 
Raman study using several excitation energies would be needed to conclusively study 
the affect, there are obvious modifications to the nanotube RBM feature before and after 
exposure as can be seen in Fig. 6 .6 (C). There is an apparent up-shift in the RBM 
features by 11-13 cm"  ^ in the region between 150-250 cm '\ For example, the peaks at 
152, 162, 173, and 198 cm'^ (Fig. 6 .6 (A)) are shifted to 164, 174, 186, and 210 cm'^ 
(Fig. 6 .6 (C)), respectively. These modifications will be further discussed below.
It is well known that the Raman signal is greatly enhanced if  the energy of the 
excitation wavelength is matched with the allowed transition energy o f an individual 
nanotube. For a single tube, this transition energy (Eü) changes as the values o f (n,m) 
and hence the diameter change.^ "^^  ^Therefore, for each pair of (n,m) indices a nanotube 
has a unique set o f Eü transition energies (semiconducting or metallic). The relationship 
between the transition energy of carbon nanotube and its diameter is shown elegantly in 
the so-called Kataura plot (see Fig. 6 .6 (B)).^ "^^ '^ ^^  Thus, in buckypaper, whether a given 
laser energy probes predominantly semiconducting or metallic tubes depends on the 
mean diameter and the diameter distribution of nanotubes in the buckypaper. For 
example, based on the Katuara-plot, an excitation energy of 1.96 eV (633 nm) normally 
enhances the Raman signal when probing a 1 nm diameter semi-conducting tube. This 
is because the laser energy is in resonance with the electronic transition energy at 
E 2^ (see Fig. 6 .6 (B) along the red laser line).
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We used the 472.8 nm laser with an energy of 2.62 eV. This laser energy may be in 
resonance with the transition energy a t E ^ ,  and (see Fig. 6 .6 (B) along
the blue laser line).^ "^^ ^
The disappearance or relative decrease in intensity of the peaks in 250-332 cm‘  ^may be 
because the excitation energy (2.62 eV) is no longer in resonance with after doping 
with Br2  due to the shift of the transition energy (E ü). The shift of the transition energy 
may also be due to the lowering of Fermi level (Ep) as shown in Fig. 6 .6 ( D ) . I n  
addition, it may due to the adsorption of Br% on the nanotubes disrupting the vibration 
during experiment. However, to have deeper understanding of these phenomena, more 
quantitative analysis of Raman spectroscopy is required, i.e., using the laser line that is 
not in resonance with the bromine stretching mode. Note that the excitation energy of
1.96 eV (633 nm) also represents the strong peak corresponding to bromine stretching 
mode.
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Figure 6.5 The shift in the G-band as a function of exposure time. (A) The excitation 
wavelength is 472.8 nm. The G-band before exposure (0 min) is at 1585 cm'' and the G- 
band after 36 min is at 1597 cm ''. The intensities of the Raman spectra at 16, 24, and 36 
min are multiplied by 3 (x3). (B) The RBM. The intensities of the spectra at 0, 4, and 8  
min are multiplied by 7, 7, and 5, respectively.
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Figure 6.6 (A) and (C) are the RBM of the buckypapers before and after doping with 
Br2 , respectively. The black lines are from the raw daw data (after subtracting the 
baseline). The red lines are the fit lines due to the green peaks, which are from 
Lorentzian fits. The green lines are from Lorentzian fits of the RBM, which reveals the 
multiple peaks inside the RBM. The inset columns show the Raman shifts of the green 
peaks (from left to right hand side). (B) A Kataura plot of electronic transition energy 
(Eii) as a function of SWNT diameter and Raman shift in RBM. The red and blue lasers 
enhance the Raman spectra along the laser lines.^^^  ^ (D) Semiconducting to metallic 
transition in SWNT due to lowering of Fermi level (Ep), as Bri molecules withdraw 
electrons from valence band. The SWNTs become more conducting.
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6.3.3.2 RBM and G-Band of T120 after exposure to NH3
A similar comparison for the NH 3  doped sample was performed. NH 3  is considered an 
electron donating molecule.^^^^ Thus, the electron flow is in the opposite direction to 
Bri. For semiconducting nanotubes, any unoccupied electron state in the valence band is 
filled as electrons are gained fi*om NH 3 . The resistance o f the tubes increases as shown 
in Fig. 6.13.
Raman spectra of the buckypaper doped with NH 3 show little change. Fig. 6.7(A) and 
6.7(B) show the G-band o f the buckypaper before (black lines) and after (red lines) 
exposure to ammonia with different excitation wavelengths, 472.8 and 633 nm, 
respectively. Observation of the G-band with an excitation wavelength of 472.8 nm 
shows no shift (Fig. 6.7(A)). However, there is a down-shift o f a peak for a wavelength 
o f 633 nm by around 3 cm'^ from 1591 to 1588 cm'^ (see Fig. 6.7(B)).
The RBM of the buckypaper also shows no change after exposure to NH 3 , with the 
excitation wavelength of 633 nm, as shown in Fig. 6.7(D). However, for the excitation 
wavelength of 472.8 nm, a strong peak at 198 cm'^ shows up after exposure the NH 3 . 
The increase in the intensity of this peak may be due to the expansion in the diameters 
of the carbon nanotubes. Also, the expansion of the buckypaper is shown in Fig. 
6.11(C) and 6.11(D).
In conclusion, the charging effects for ammonia are weaker or take longer in 
comparison with Br%. However, a small change in the G-band informs us that there is 
insignificant charge transfer from ammonia to the carbon nanotubes. Moreover, in the 
experiment, ammonia was obtained from ammonium hydroxide with 35% w/v of 
ammonia. Thus, the low concentration of ammonia may be insufficient to appreciably 
affect the electric properties of the nanotubes. In addition, several theoretical studies 
showed that ammonia molecules bind to carbon nanotubes by physisorption with a 
weak electron transfer.^^’
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Figure 6.7 Raman spectra showing the G-band and the radial breathing mode (RBM) of 
buckypaper before (black line) and after (red line) exposure to the NH3. (A) and (C) are 
the G-band and RBM from the excitation wavelength of 472.8 nm, respectively. (B) and 
(D) are the G-band and the RBM from the excitation wavelength o f 633 nm, 
respectively.
6.3.3.3 RBM and G-Band of T120 after exposure to hexane
Hexane (CôHm) is used as the no-charge transfer chemical^^^^ to observe the expansion 
of buckypaper due to swelling as a result of adsorption on the buckypaper. Fig. 6 .8 (A) 
shows the RBM of the buckypaper before (black line) and after (red line) exposure to 
hexane. There are little increases of the RBM in the range o f 162-208 cm"' and slightly 
at 225 cm '\ A decrease in intensity is also observed at 305 cm'V This may be due to the 
adsorption on the buckypaper (see Fig. 6.9(A)).
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The small relevant ehanges may be associated with intercalation of hexane between 
nanotubes aggregated in bundles thus affecting the van der Waals interaction and the 
associated changes due to resonance conditions during the experiment
The expansion of the buckypaper due to adsorption of the hexane is shown in the 
actuating experiment in Fig. 6.11(E) and 6.11(F). In Fig. 6 .8 (B), there is no shift in the 
G-band. The inset shows there is no shift of G-band from the excitation wavelength of 
633 nm.
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Figure 6.8 Raman spectra show (A) the radial breathing mode (RBM) with the 
excitation wavelength of 472.8 nm and (B) the G-band of the buckypaper before (black 
line) and after (red line) exposure to the hexane from the excitation wavelength of 472.8 
nm. The inset shows there is no shift of G-band from the excitation wavelength o f 633 
nm.
6.3.4. Weight change due to adsorption
As mentioned previously, the buckypaper also acts like a sponge adsorbing the chemical 
m o l e c u l e s . T h e  T120 buckypapers were exposed to the chemical vapour in a sealed 
glass beaker (50 ml) for 1 hr at room temperature as shown in Fig. 6.9(B). Fig. 6.9(A) 
shows the percent of weight change due to gases adsorbed on T 1 2 0  buckypaper: 
bromine (red), ammonia (green), and hexane (blue). The adsorption of bromine, 
ammonia, and hexane are 78, 19.7, and 18.1%, respectively. From this experiment we 
conclude that chemical vapour is easily adsorbed on the buckypaper, especially 
bromine, which gains 78% of Br2 . However, it should be noted that the vapour of all
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used chemicals is very easy to evaporate, so the actual weight after the exposure may be 
slightly higher than measured due to loss during transfer to the digital balance.
(A )
19 .7/0  18 .1%
Bromine Ammonia Hexane (B)
buckypaper
/
VJ stage vial
I ml o f  
chem icals
Figure 6.9 The bar graph shows the percent of weight change due to gases adsorbed on 
T120 buckypaper: bromine (red), ammonia (green), and hexane (blue).
6.3.5 Actuating response
The aim of this study is to evaluate the actuating behaviour of the chloroform 
buckypapers with different surface areas and pore sizes (space between tubes). The 
surface area of the buckypaper is important for gas adsorption. Higher surface area can 
adsorb more gas molecules, allowing more charge to transfer. In section 6.3.2, we study 
effect of charge transfer on buckypapers with different surface areas, due to exposure to 
bromine. The quickest response is from the T120 chloroform buckypaper. Also, G-band 
of this buekypaper can shift by up to 12 cm'^ (from a 1585 to 1597 em'^), which is 
higher than that o f the other buckypapers. Quick response and a big up-shift are due to 
the surface area of the T120 chloroform buckypaper. Its surface area is 534 m^/g, which 
is 120 m^/g higher than that of the T20 chloroform buckpaper (461 m^/g), and the TX- 
1 0 0  buckypaper.
For individual tubes, the carbon bond length is affected and on average is reduced when 
doped with the electron acceptor Br2 , but they undergo expansion when doped with the 
electron donor, NH3 . However, the buckypaper is a porous sheet, built from more than 
millions of the individual tubes. Nitrogen adsorption is the method we used for
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analysing the porous buckypaper to obtain the surface area and pore size distribution. 
Thus, this adsorption phenomenon also happens on exposure to Br], NH 3 , or CeH^.
Fig.6.10 shows a bi-layer actuator based on chloroform buckypaper (dark grey) and 
PVDF filter membrane (light blue). Contraction of the buckypaper results from the 
shrinkage of the carbon double bond in each carbon nanotube of overall assembly after 
exposure to the electron acceptor Br2 . The expansion of the buckypaper results from the 
expansion of carbon double bonds, and the swelling of the buckypaper due to 
physisorption as shown in the lower scheme in Fig. 6.10. In the case of Br], the 
contraction of the buckypaper due to electron transfer is much stronger than the 
expansion from adsorption (swelling), so the buckypaper contracts. The expansion of 
the buckypaper after exposure to the ammonia is due to the swelling of the buckypaper 
and the expansion of the carbon double bond in the individual tube. The expansion of 
the buckypaper after exposure to the hexane is due to adsorption.
The experimental setup is shown in section 3.5.1.3.4. The chloroform buckypapers, 
attached to the PVDF filter membrane during the filtration, were cut to form a 2.8 x 0.1 
cm strip, using a sharp razor blade and attached to the cap of the vial as shown in Fig. 
6 . 11 .
membrane buckypaper
buckypaper membrane
NH3 Air
E xpand ing  
- e  tra n s fe r  
-sw e llin g
C on trac tin g  
- e  tran s fe r
Figure 6.10 Schematic representation of a bi-layer actuator based on chloroform 
buckypaper (dark grey) and PVDF filter membrane (light blue). The upper scheme 
shows a bend of the actuator as a result of contraction and expansion o f a piece of 
buckypaper having an equal length to the filter membrane. The lower scheme shows the 
actual factors responsible for the contraction and expansion of the buckypaper.
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Figure 6.11 Bi-layer actuator based on chloroform buckypaper (dark, right hand side of 
the actuator) and PVDF filter membrane (white, left hand side of the actuator). (A) and 
(B) are before and after exposure to Br2  for 5 min, respectively. (C) and (D) are the 
before and after exposure to NH 3 for 5 min, respectively. (E) and (F) are before and 
after exposure to CôHm for 5 min, respectively. T20 and T120 refer to chloroform 
buckypapers made with probe sonication times of 2 0  and 1 2 0  min, respectively.
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The actuating response to exposure to Br2  is shown in Fig. 6.11(A) and 6.11(B), which 
are before and after exposure to the Br2 , respectively. Fig. 6.11(B) shows that the T120 
buckypaper bends more than the T20 buckypaper and the bending angles are 25° and 5°, 
respectively. The bending angle is given by how much the buckypaper bends away from 
its initial position. The larger angle o f T 120 buckypaper is because its surface area is 
higher than that o f the T20 buckypaper. This allows more gas to adsorb and condense 
on the buckypaper. Hence, more electrons are transferred, leading to more contraction 
o f individual tubes and the buckypaper. It should be noted that bending begins to 
happen immediately after exposure to the Br2 .
A much bigger bending angle for T120 buckypaper is also found when the buckypaper 
is exposed to NH 3 . The actuator bends in the opposite way to when one exposed to Br2 . 
Bending occurs due to expansion of the buckypaper which is a combination o f swelling 
and expansion of carbon double bonds in individual tube. The T120 buckypaper bends 
by 17° while the T20 buckypaper bends by 4°. The buckypaper begins to bend after 3-5 
min of exposure to NH 3 .
The adsorption and swelling of buckypaper are demonstrated by exposure o f the 
buckypaper to hexane. The buckypaper bends as a result o f expansion. However, the 
expansion o f the buckypaper may be only from the swelling due to gas adsorption. As 
with the bending in NH 3 , the T120 buckypaper is bent more than the T20 buckypaper 
with the bending angles of 4° and 2°, respectively. The bending angle o f the buckypaper 
exposed to hexane is less than that of the buckypaper exposed to ammonia because the 
expansion of buckypaper exposed to ammonia is a combination of swelling and electron 
transfer effect. The buckypaper begins to bend after 3-5 min of exposure to hexane.
6.3.6. Resistance detection after exposure to the gases
In this section we study the effect o f electron donating and electron accepting gases on 
the resistivity of buckypaper. We have already shown that Br2  (electron acceptor) and 
NH 3 (electron donor) affect the electronic and physical properties of the buckypaper, as 
shown by Raman spectroscopy (section 6.3.3) and the study of the actuation response 
(section 6.3.5). This experiment was done before we used the chloroform buckypaper, 
so we used TX-100 buckypaper for this study.
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The experimental setup is described in section 3.5.2.4. Two types o f gases were used: 
nitrogen dioxide (electron acceptor) and ammonia (electron donor).
Selected results are presented for a TX-100 buckypaper sensor, which show a strong 
response to NO 2  inside the probe chamber (Fig.3.32); the resistance o f the sensor drops 
significantly. The sensor was first allowed to stabilise in dry air for around 30 min, 
providing a baseline resistance (Ro) at room temperature. Different concentrations of 
NO2  were then injected into the chamber at regular intervals. The relative resistance 
change is defined by AR/Ro, where AR = R-Rq. Thus, the percent o f relative resistance 
change is represented by ARc as shown in the below equation and it is plotted as a 
function o f time and doping concentration for the sensing experiment (see Fig. 6.12 and 
6.13). Negative ARc means a decrease in the resistance.
ARc (% ) =  [(R -R o)/R o] xlOO
The experiment was set to do four steps with increasing the NO2  concentrations: 0.28,
0.55, 0.82, and 1.09 ppm. The resistance is detected every 10 min after increasing the 
concentration. After detecting the resistance at the highest concentration (1.09 ppm), the 
resistance as the gas concentration reduced was studied. After 80 min, the gas 
concentration was reduced from 1.09 to 0.28 ppm.
In Fig. 6.12(A), 0.28 ppm of NO 2  was introduced into the chamber after 30 min of 
stabilisation in dry air. 10 min after introducing the gas (total time = 40 min), the ARc 
decreased by around 1 %. The concentration was then increased up to 0.55 ppm. After 
10 min (total time = 50 min) of increasing, the ARc was around 2%. When the 
concentration was ftirther increased to 0.82 and then 1.09 ppm, the ARc was decreased 
to 3.5% and 6 .8 %, respectively. After a total time of 80 min, the gas concentration was 
reduced to 0.82 ppm. After 10 min of reducing the concentration, the ARc was 8.1%. 
The ARc at concentrations below 0.55 ppm and after total time of 80 min slowly 
decreases, due to the gas adsorbed on the buckypaper.
Fig. 6.12(B) shows the rate of change in ARc per unit time as a ftinction o f gas 
concentration. The sensitivity is defined by the slope of the graph in the linear region. 
The sensor strongly responds when the concentration is above 0.55 ppm. However,
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below 0.55 ppm the TX-100 buckypaper shows less sensitivity. The lack of sensitivity 
of the TX-100 buckypaper may be due to its surface area which is around 72 m^/g, 
leading to fewer gas molecules adsorbed on the buckypaper and causing less electron 
transfer. This is also seen in the Raman spectra in Fig. 6.3.
Tim e (m in)
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100 140120
3  -4
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<  0.110 
0.105
0.100
0.095
0.2 0.4 0.6 0.8 1.0 1.2
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Figure 6.12 (A) Response of a TX-100 buckypaper sensor during exposure to different 
concentrations of NO 2 . (B) The rate of change in ARc per unit time as a function of gas 
concentration.
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The TX-100 buckypaper sensor was also exposed to ammonia (NH3 ) inside the Probe 
chamber, causing the resistance of the sensor to rise (Fig. 6.13). After being left to 
stabilise in dry air at room temperature for 10 min, 9.02 ppm NH3 was injected into the 
chamber, causing the ARc to rise above the baseline resistance. The increase in ARc was 
around 2.5% after 10 min of exposure to this concentration (at a total time of 20 min). 
After measuring the ARc at a total time of 20 min, the amount of the NH 3 was reduced to 
4.74 ppm. After 10 min of exposure to 4.74 ppm, the ARc was 4.5% (after a time of 30 
min). After this time, no NH3 was supplied and dry air was introduced. The ARc 
measured every 1 0  min until the total time was 60 min. ARc begins to stabilise after a 
total time of 40 min, meaning that there is little change in measured resistance (R) after 
40 min.
T im e (m in )
4.5
(T 2.5 
< 1
0.5
No supply j 9 .02 j No supply4.72
NH3 supplied (ppm)
Figure 6.13 Response of the TX-100 buekypaper sensor during exposure to different 
concentrations of NH 3 .
The gas sensor based on TX-100 buckypaper has responded by changing resistivity 
after exposure to the electron accepting (NO2 ) and electron donating gas (NH3 ). 
However, to obtain better understanding of the role of surface area on charge transfer, 
chloroform buckypaper with controllable surface area should be studied.
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6.4 Conclusions
This chapter demonstrates the role o f surface area of the buckypaper on sensing gas 
molecules. The surface area o f buckypaper is a function o f probe sonication time: the 
chloroform buckypaper sonicated for 1 2 0  min has a higher surface area than that of the 
chloroform buckypaper sonicaed for 20 min. Moreover, sonication time also affects the 
pore size distribution of the buckypaper. The pores become smaller after longer times of 
sonication. In general, sonication affects the bundle size o f carbon nanotubes.
Buckypapers with different surface areas were checked for their sensitivity by Raman 
spectroscopy after doping with Bri as shown in Fig. 6.3. The results show that the 
chloroform buckypaper after sonicating for 1 2 0  min is the most sensitive buckypaper to 
Br2 . It shows a quick response and the up-shift in the G-band is at 1597 cm '\ The shift 
in G-band of SWNT is typically due to electron transfer between the carbon and the 
dopant.^^^  ^After doping with electron acceptor molecules (Br2  or NO 2 ), there are an up­
shift in the G-band (section 6.3.3), an increase in conductivity (section 6.3.6), and 
contraction of the buckypaper (section 6.3.5). In contrast, when adding electron 
donating gas molecues (NH3 ), there is little down-shift in the G-band, decrease in 
conductivity, or expansion of the buckypaper. The expansion of buckypaper is due to 
two factors: swelling due to gas adsorption and expansion of the carbon bonds in each 
nanotube. The adsorption is confirmed by the weight change after exposure to the gas 
(section 6.3.4). The expansion of buckypaper due to swelling is confirmed by exposing 
the buckypaper to hexane (CôHh). In addition, the bending of buckypaper exposed to 
hexane is only from the swelling, so its bending angle is less than that of buckypaper 
exposed to NH 3 , which results from both swelling and electron transfer. Furthermore, 
the surface area o f buckypaper also affects bending. Higher surface area buckypapers 
can adsorb more gas molecules increasing the electron transfer and the expansion or 
contraction of the carbon bonds. Fig. 6.11 shows that the bending angle o f the 
buckypapers made with 1 2 0  min sonication is larger than that of the 2 0  min buckypaper. 
This is the true for all gasses.
In summary, the surface area of the buckypaper plays an important role for its sensing 
applications, such as gas sensors and actuating sensors. To improve the sensing ability, 
a high surface area is required.
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Chapter 7
Conclusions and future work
There are two parts of this chapter: conclusions and future work. The conclusions cover 
preparation of the buckypaper itself, and its applications to protein crystallisation, 
substrate for cell growth, and actuators.
7.1 Conclusions
7.1.1 Protein crystallisation and buckypapaper
In summary, carbon nanotube based materials with nanoscale porosity/roughness are 
effective nucleants to control nucléation so as to obtain one or a few large crystals from 
protein solutions at low supersaturations, as is required for structure determination via 
X-ray crystallography. Growth at low supersaturations is expected to lead to more 
ordered structures, which diffract to higher resolution, and indeed this is what was 
found for the MyBP-C crystallised with the buckypaper. The different effectiveness of 
the TX-lOO and gelatin buckypapers implies that changing the surface chemistry and 
porosity changes the ability of the material to induce nucléation. Carbon nanotube films 
made with other dispersants may be even more effective nucleants than gelatine 
buckypaper. Carbon nanotube based materials may be potential nucleants for other 
important systems where controllable crystallisation is desired.
Many types o f buckypaper have been made during the experiments. Generally, its type 
depends upon the processing during dispersing carbon nanotubes.
TX-lOO buckypaper: TX-lOO buckypaper is prepared using Triton X-100 as a 
surfactant that adsorbs on the carbon nanotube surface to make a suspension in water. It 
is very effective at coating the tube surface during sonication. Probe sonication o f a 
suspension for only 40 min produces a suspension that stays homogeneous for over a
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month without phase separation. An advantage of this buckypaper is that its pore size 
(space between tubes) is easy to control, as shown in Fig. 3.5. The controllable pore size 
may be useful for filtering applications. The very high surface area o f the buckypaper 
(564 m^/g) after annealing may also be useful for many applications. TX-lOO 
buckypaper was used as a nucleant (a material for inducing crystallisation). This 
buckypaper can induce the crystallisation at a relatively low supersaturation and 
produce bigger crystals than in the control sample without buckypaper. The quality of 
the crystal is also better. The C l domain of the human cardiac myosin-binding protein- 
C diffracted to a resolution that is far superior to the best crystals obtained using 
standard techniques. Furthermore, protein crystals are naturally fragile, so growing them 
on buckypaper may make it easier to handle or to move the crystal, by moving the 
buckypaper.
Gelatin buckypaper: Gelatin is used as a dispersant of the carbon nanotube in water. 
Gelatin buckypaper is the best nucleant for protein crystallisation. It induces protein 
crystallisation at low supersaturations where the other buckypapers cannot induce 
nucléation (see Fig. 4.4). As with the TX-lOO buckypaper, growing crystals on this 
buckypaper makes it very easy to handle the crystals. The buckypaper is very easy to 
make, so it may be very useful for testing or screening crystallisation of the proteins that 
have not crystallised before.
Peptide nano-1 buckypaper: The peptide buckypaper is made using the peptide nano- 
1 as a dispersant of the carbon nanotubes in water. Its pore size distribution is difficult 
to control and its effectiveness for growing protein crystallisation is similar to that o f 
the TX-lOO buckypaper, which is less effective than the gelatin buckypaper. The 
peptide buckypaper may be less useful for protein crystallisation, but it may be very 
useful for using as cell scaffold, with mechanical strength, porosity, and 
biocompatibility.
Chloroform buckypaper: The chloroform buckypaper is made using chloroform as a 
solvent to disperse the carbon nanotubes, without any dispersant. The buckypaper is 
very easy to prepare and the pore size distribution and surface area can be controlled by 
sonication. Although it is not useful for protein crystallisation, it may be very useful for 
other applications. The chloroform buckypaper is hydrophobic with a contact angle with 
a water droplet of more than 120°. The hydrophobic porous structure may be very
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useful for filtering applications. Because o f the high surface area o f chloroform 
buckypaper, we also used it for study its actuating response behaviour.
7.1.2 Assemblies of carbon nanotubes for morphological variation of cell
Assemblies o f multi-walled carbon nanotubes were used as substrates to demonstrate 
the effect of substrate surface features on the cell morphology. The MWNTs used are 
not functionalised and purified before use. The preliminary results show that liver cell 
(Huh 7) and the CHO cells can adhere and grow on the MWNTs. The cell morphology 
on the aligned nanotube and disordered nanotube substrates is different. Both types of 
cell line orient and elongate themselves along the aligned nanotube bundles (which have 
average roughness o f 50 nm). Clearly, grooves with a depth o f 50 nm are enough to 
affect the morphology o f the 10-15 pm diameter CHO cells and 40-50 pm liver cells. In 
contrast to the aligned sheet, the cell morphology on the disordered surface (smooth and 
rough buckypaper) is very roughly circular, as it is on the control surface. There is no 
significant difference in the cell morphology on the smooth and rough buckypapers.
In addition, the complete length of the CHO cell adheres to a thin MWNT thread (stuck 
on cover glass) and elongates along it (see Fig. 5.9). As with the thread, cell elongation 
can be observed at the edge of the disordered buckypaper. Furthermore, a crossed 
surface made from two layers o f aligned sheets laid one on another (one in horizontal 
and one in the vertical direction) was also used for study the effect. Few of cells 
elongate, but many of them appear to try and elongate in 3-4 directions as shown in Fig. 
5.11 and 5.12. Finally, further study is necessary to have further idea on how the 
mechanisms of adhesion, spreading, and alignment inside the cell work. Confocal 
fluorescence microscopy focal adhesion proteins would be useful here.
7.1.3 Responsive sensors based on carbon nanotube assemblies
The buckypapers, based on T20 and T120 chloroform buckypapers, were investigated 
for the effect of different pore sizes and surface area on the actuating response. The 
surface area o f T120 buckypaper is around 534 m^/g, which is about 120 m^/g higher 
than that o f the T20 buckypaper. Bending of the buckypaper in response to a gas is due 
to a combination of two phenomena: electron transfer and gas adsorption. The 
buckypaper (on a PVDF membrane with identical dimensions) contracts after exposure
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to an electron accepting gas (Bri), but expands after exposure to an electron donating 
gas (NH3 ) or a non-charge- transfer gas (CeH^). The T120 buckypaper bends much 
more (away from original position) than the T20 buckypaper after exposure to all the 
types o f gas used (see Fig. 6.11). This may be due to the higher surface area which can 
adsorb more gas molecules. The electron transfer between the buckypaper and the 
dopants was observed by Raman spectroscopy and electrical resistance. In conclusion, 
the surface area of the buckypaper plays an important role for its sensing applications, 
such as use as a gas sensor and as an actuating sensor. To improve the sensing ability, 
higher surface areas are required.
7.2 Future work
This thesis presents new applications and new types of buckypaper. Its physical and 
chemical properties can be easily controlled, e.g., porosity, surface area, and wetting 
ability. Moreover, carbon nanotubes can be functionalised with various dispersants. I 
would like to highlight the future directions that build on my work, based on 
buckypaper and porosity and high surface area:
1. Structural determination of protein is essential for the success o f rational drug design 
and other biotechnology applications; however, obtaining high quality crystals is a 
major problem to progress.^^^ The application of gelatin buckypaper for growing 
difficult-to-crystallise proteins may shed light on this obstacle. The buckypaper was 
best for lysozyme, but was only tested with 3 types of difficult-to-grow proteins in this 
thesis. It would be interesting to use gelatin buckypaper as a nucleant for testing with 
other proteins, i.e., protein kinases, which are targets for treatment o f several diseases.
2. Crystallisation of hydroxyapatite on surfaces of aligned nanotubes, and then the 
growth of osteoblast cells on the mineralised surface. In general, hydroxyapatite (HA) is 
utilised in clinical bone graft p r o c e d u r e s . I  hope the surface will mimic the 
environment of osteoblast cells in our body.^^  ^ This work would continue the work 
where calcium phosphate crystals successfully grew on an aligned MWNT sheet.
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Surprisingly, the nanocrystals that form (80-150 nm) are aligned along the aligned 
bundles o f MWNT.
3. Carbon nanotube films have been studied as an electrocatalyst support for proton- 
exchange membrane fuel cells and direct methanol fuel cells for several years.^^’^  ^ The 
buckypaper with controllable pore size and surface area may be unlimited in their 
potential for use as a catalyst support, i.e., a proton-exchange membrane fuel cell with 
the CNT film as the c a t h o d e . T h e  future work may relate to the effect of pore size 
distribution of the film on an electrocatalytic activity.
4. The preliminary results suggest that the efficiency of the actuators relies on the 
surface area of nanotube sheets, so higher surface area of buckypaper may be essential 
for sensing applications. The first task of this future work is to improve the surface area 
of the nanotube sheet and then apply it to gas s e n s o r s . M o r e o v e r ,  the buckypaper 
with a high surface area may have potential for sensing explosive materials or illegal 
drugs.^ ®^^
5. The idea of transparent buckypaper may lead to the application in organic light 
emitting materials, which require flexible transparent electrodes.*-^However, in order 
to achieve low cost and high efficiency, it is important to have an air-stable cathode 
with efficient electron injection properties.^^^^ A film of carbon nanotubes blended with 
conductive polymers may be essential for the applications.^^^^ This future work will lead 
to a novel composite film that achieves the requirements, associated with low resistance 
and high transparency.
6 . Carbon nanotubes have huge potential for biological applications. For example, 
MWNTs have been used successfully as substrates for cell growth. Thus, carbon 
nanotube films with controlled wettability are o f profound importance to cell behaviour. 
This future work aims to control the wettability o f the buckypapers by sonication time 
or functionalization with various peptides. The study of wettability of carbon nanotube 
films will lead to further fundamental understanding and broad practical applications in 
daily life, e.g. waterproof material and bio-mimic materials.^^^^
214
7. Instead of gas and chemical sensors, carbon nanotubes may be useful for biosensors. 
This future work is based on the adsorption of proteins, peptides, or amino acids on the 
surface of carbon nanotubes, which are useful for clinical diagnostics or environmental 
monitoring, e.g., carbon nanotube-based enzyme electrodes^^"^ .^
8 . The extraordinary electronic and optical properties o f SWNTs are obtained from their 
structure, which are either semiconducting or metallic depending on their diameter and 
chirality. Many applications, such as transparent conductors, biosensors, and 
nanoelectronics, require nanotubes of specific electronic c h a r a c t e r . T h e  future work 
aim to separate SWNTs into semiconducting and metallic characters. The techniques 
may involve ultracentrifugation and other techniques.^^ '^^^^
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